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ABSTRACT 


Title  of  Thesis:  Multi-Photon  Conductivity  in  Semiconductors 

and  Measurement  of  Picosecond  Pulse  Width 

Subramania  Jayaraman,  Doctor  of  Philosophy,  1972 

Thesis  directed  by:  Dr.  C.H.Lee,  Associate  Professor  of 

Electrical  Engineering  Department 

With  the  advent  of  intense  sources  of  coherent  optical 
radiation,  in  the  form  of  Q-switched  and  mode-locked  lasers,  the 
multi-photon  conductivity  in  semiconductors  is  experimentally 
feasible  to  study.  In  this  thesis,  we  investigated  the  two- 
photon  conductivity  in  GaAs ,  CdS^Se^  and  three-photon  conducti¬ 
vity  in  CdS  using  Q-switched  and  mode-locked  Nd: glass  laser 
pulses  with  a  view  to  examine  their  suitability  to  measure 
picosecond  pulse  width.  The  two-photon  conductivity  in  GaAs 
(  low  resistivity  and  high  resistivity  samples  )  was  studied 
with  Q-switched  and  mode-locked  Ndiglass  laser  pulses.  The 
two -photon  conductivity  in  GaAs  was  found  to  exhibit  a  square 
law  dependence  on  intensity  over  a  very  narrow  region  of  laser 
intensity  and  this  was  found  consistent  with  the  thickness  of 
the  crystal  and  the  measured  two-photon  absorption  coefficient  in 
GaAs.  Then  the  square  law  region  was  used  to  measure  the 
picosecond  pulse  width  and  the  two-photon  conductivity  correlation 
pattern  gave  a  contrast  ratio  of*i.8  and  a  half  width  of  ^ 

8-10  psecs.  Two-photon  conductivity  in  CdSc-Sec  with  the 

o  o 

use  of  mode-locked  Nd:glass  laser  pulses  displayed  a  square  law 

V 


region  over  a  more  dynamic  range  of  incident  laser  intensities 

and  the  photoconductivity  correlation  gave  a  contrast  ratio 

of  2.4  and  a  half  width  of  a/ 8  -  10  psecs.  This  larger 

contrast  ratio  was  attributed  to  the  smaller  two-photon  absorption 

coefficient  and  thickness  of  CdS^-Se^  (  resulting  in  longer 

o  o 

square  law  region  and  improved  resclution  ).  Finally,  we 
measured  the  three-photon  conductivity  in  polycrystalline  and 
single  crystal  CdS  and  used  it  to  measure  the  third  order 
auto  correlation  function  of  the  intensity  of  the  picosecond 
pulses  and  hence  estimate  the  pulse  width. 

The  estimated  two  and  three-photon  absorption  coefficients 
in  CdS^-Se^  and  CdS  from  the  measured  photoconductivity  agreed 
well  within  an  order  of  magnitude  with  the  theoretically 
calculated  values  from  the  known  band  structure  and  time 
dependent  perturbation  theory. 
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CHAPTER  I 

A.  INTRODUCTION; 

The  development  of  powerful  sources  of  electromagnetic 
radiation  by  means  of  Q-switched  and  mode-locked  lasers  had  made 
It  possible  to  observe  a  number  of  intensity  dependent  optical 
interactions  in  matter  which  involve  two  or  more  photons.  The 
multi-photon  absorption  in  condensed  media  with  the  use  of  intense 
optical  masers  tan,  in  principle,  be  investigated  either  by  photo¬ 
conductivity  measurements  or  by  observing  fluorescence.  The 
measurement  of  photoconductivity  is  a  more  sensitive  method  and 
so  it  can  be  used  to  study  the  multi-photon  absorption  in  semi¬ 
conductors  and  other  crystalline  media. 

Any  intrinsic  semiconductor  normally  does  not  exhibit  any 
optical  absorption  capable  of  producing  electron-hole  pairs  for 
photon  energies  less  than  the  forbidden  energy  gap.  This  is  true 
for  the  light  intensities  normally  employed  in  conventional  optical 
absorption  experiments.  However,  at  high  incident  light  intensities, 
multi-photon  absorption  of  light  in  semiconductors  leading  to  the 
creation  of  non-equilibrium  charge  carriers  can  in  principle  occur. 
This  corresponds  to  the  production  of  electron-hole  pairs  with 
simultaneous  absorption  of  several  photons.  Semiconductors  are  a 
convenient  medium  for  the  investigation  of  such  non-linear  absorption 
processes  at  optical  wavelengths,  since  the  forbidden  gap  is  of 
the  order  of  a  few  electron  volts  as  compared  to  the  electronic 
states  of  the  atom  which  are  separated  from  the  ground  state 
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by  several  electron  volts.  This  facilitates  the  experimental 
investigation  of  the  multiphoton  processes  with  a  fewer  number 
of  quanta. 

It  is  well  known  that  a  semiconductor  shows  appreciable 
optical  absorption  for  photon  energies  greater  than  the  forbidden 
gap  Eg.  This  process  is  one-photon  absorption  and  can  be  described 
time  dependent  first  order  perturbation  thecry  in  quantum  mechanics. 
If  ftu><Egbut  2fcu> >  ,  the  semiconductor  will  show  some  optical 

absorption  because  of  two-photon  absorption  and  this  process  can 
be  calculated  by  second  order  perturbation  theory.  Similarly  if 
(n-1  Jtlw  ^  Eg  but  nfiuJ^  E^  ,  then  there  will  be  n-photon  absorption 
in  the  semiconductor  which  will  be  weaker  and  weaker  as  n  increases 
and  can  be  predicted  by  n-th  order  terms  in  perturbation  theory. 

The  two-photon  absorption  process  in  a  semiconductor  can  be  described 
as  follows;  An  electron  is  excited  from  an  initial  state 'i' (  Valence 

i 

band  )  to  a  final  state  ’f1 (  Conduction  band  )  via  a  virtual 
intermediate  state ln'  by  absorbing  two  photons.  In  the  case  of 
Three-photon  absorption,  the  electron  goes  to  the  conduction  band 
via  two  intermediate  virtual  states.  The  mathematical  description 
of  these  processes  will  be  given  in  the  second  chapter. 

Multi-photon  absorption  processes  exhibit  several  interesting 
features  as  compared  to  one-photon  process.  These  characteristic 
features  make  multi-photon  absorption  processes  worthy  of  use  in 
a  number  of  applications. 
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1.  In  the  case  of  one-photon  absorption,  the  absorption  coefficient 
is  a  constant. 

oo 


K  ct  I  for  two-photon  absorption 
K°°  I*'*  for  n-photon  absorption. 

2.  The  absorbed  intensity  I  ,  for  one-photon  absorption 

oC  I  ,  for  n-photon  absorption. 

This  power  dependence  can  be  used  to  identify  the  order  of  the 
absorption  process.  These  non-linear  dependences  could  be  very 
useful  in  optical  electronics.  The  square  law  of  two-photon 
absorption  can  be  used  to  measure  the  second  order  intensity 
correlation  of  the -laser  pulses  and  thus  provide  one  of  the  non¬ 
linear  optical  methods  of  measuring  the  width  of  picosecond  pulses. 
Similarly  the  higher  order  processes  can  be  used  to  mesure  the 
higher  order  intensity  correlations. 

3.  In  the  case  of  one-photon  absorption,  the  light  intensity 
decreases  very  rapidly  in  the  direction  of  propagation.  This  is 
because  of  the  large  one-photon  absorption  coefficient  and  also 

the  intensity  distribution  inside  the  crystal  follows  an  exponential 
law.  Therefore  the  large  portion  of  the  absorption  occurs  near 
the  surface.  In  the  case  of  two-photon  absorption,  the  light 
intensity  changes  much'  less  rapidly,  so  the  surface  conditions  are 
not  important.  As  a  result, the  2-photon  measurement  reveals  the 
properties  of  the  bulk  semiconductor.  This  advantage  of  two 
photon  absorption  is  used  in  the  optical  pumping  of  semiconductor 
lasers  resulting  in  increased  volume  of  coherent  emission. 

4.  In  atomic  media,  the  one-photon  absorption  occurs  only  between 
states  of  opposite  parity,  whereas  the  two-photon  absorption  is 
allowed  only  between  the  states  of  same  parity.  This  allows  one 
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to  probe  excited  states  of  the  same  parity  as  the  ground  state 
by  two-photon  absorption.  In  the  conventional  optical  absorption 
spectroscopy,  two-photon  absorption  complements  one-photon 
absorption.  But  in  the  case  of  semiconductors,  except  at  k=0 
all  states  are  of  mixed  parity  and  so  it  is  possible  to  produce 
one-photon  and  two-photon  processes  by  properly  selecting  the  energy 
of  the  photon.  At  k  =  0,  the  initial  and  final  states  are  usually 
of  opposite  parity  and  normally  two-photon  absorption  is  forbidden. 

So  a  study  of  multiphoton  absorption  in  solids  is  richly 
rewarding.  Following  is  a  brief  review  of  what  has  been  done 
before . 

B.  REVIEW  OF  PREVIOUS  WORK: 

In  the  early  days  of .quantum  mechanics,  Maria  Goeppert-Mayer ^ 
calculated  the  two-photon  transition  probability  in  atomic  media 
using  second  order  time  dependent  perturbat-'  ~n  theory.  Her 
prediction  awaited  the  development  of  lasers  and  in  1961,  was  first 
demonstrated  by  Kaiser  and  Garrett  They  focussed  a  Ruby  laser 
in  Europium  doped  Ca?2,  and  observed  a  strong  blue  fluorescence 
around  4250  A.  The  Eu++  ion  makes  a  transition  from  the  4f  ground 
state  to  an  excited  vibrational  5d  state.  This  is  followed  by  a 
non-radiative  transition  to  a  metastable  state.  Then  fluorescence 
occurs  in  the  transition  from  this  to  the  ground  state.  Its 

intensity  was  found  to  be  proportional  to  the  square  of  the  laser 
intensity. 

o; 

Abella  has  observed  two-photon  absorption  from  a  Ruby  laser 
beam  in  Cesium  vapour.  The  6Sj-9Dj  transition  occurs  between  states 


of  same  parity  and  is  not  observed  in  the  linear  absorption  spectrum. 


The  two-photon  excited  photocurrent  was  studied  extensively  by 


.(+) 


Hasegawa  and  Yoshimura  'in  anthracene  crystals  using  a  ruby  laser. 


(?)  (6) 

R.Braunstein  and  Braunstein  and  Ockmann  studied  for  the 


first  time  two-photon  absorption  in  a  semiconductor  ,  CdS.  The 
wo -photon  excited  emission  in  CdS  using  a  ruby  laser  was  intensively 


investigated  by  them.  Cadmium  Sulphide  has  an  energy  gap  (  E  =  2.5eV) 

S 


and  the  ruby  laser  has  a  photon  energy  =  1.78  eV.  They  excited 
electrons  from  the  valence  band  to  the  conduction  band  by  two-pho+on 
boorption  and  subsequently  studied  the  recombination  radiation 
from  the  exciton  and  impurity  levels  as  a  function  of  laser  intensity 
and  compared  to  the  emission  excited  by  single  quanta  absorption 


for  photons  of  energy  fiw > E  .  It  was  found  that  the  intensity 

o 


of  re  combination  radiation  was  proportional  to  Iq  for  single  quanta 


-2n 


-xcita  tion  and  In  for  two-quanta  excitation  where  In  is  the 


0  w  ^  V  J.  WAX  ^  O.Q 

excitation  intensity  and  n  is  a  constant  which  differs  for  different 


groups  of  emission  lines.  They  also  developed  a  theory  based  on 
2nd  order  time  dependent  perturbation  theory  and  band  structure 


of  CdS.  The  two-photon  absorption  coefficient  was  2.  IcT^cm 


-4-1 


for  the  laser  flux  of  6  .  1022  pho tons/cm2/sec . 


<%«) 


N.G. Basov  et.  ai.  reported  the  observation  of  laser  action 


in  GaAs  and  other  semiconductors  at  77°K  as  a  result  of  two-photon 

(7) 


excitation  by  a  Ndjglass  laser  beam.  S.Wang  and  C.C. Chang  'reported 
the  emission  at  room  temperature  of  coherent  radiation  from  ZnS 
excited  by  a  Q-switched  ruby  laser  through  the  two-photon  absorption 


process  t 


it*!*.:-  * 


.  -  " . .. 
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V.S.Dneprovskii  et.al.  investigated  the  two-photon 
conductivity  of  ZnS,  CdS  and  CdS^Se^  crystals  using  a  ruby 
la^er,  B.V. Zubov  et.al.  studied  the  two— photon  absorption  in 
Germanium  using  a  Q-switched  CaP2 :  Dy2+  laser  by  observing  the 
recombination  radiation.  B.M.Ashkinadze  et.al^ .^observed  the 
two-photon  conductivity  in  CdS  excited  by  giant  pulses  from  a 
ruby  laser  and  determined  the  cross  section  for  two-photon 
absorption.  N. A. Goryunova  et.a^ investigated  two-photon 
conductivity  in  a  crystal  CdSnP2  at  77  K  using  a  Ndrglass  laser. 
Two-phpton  conductivity  in  ZnS  and  CdS  were  studied  by  A .Gingolani ^ 
and  by  S.Rafi  Ahmad  and  D.Walsh^ 

Two-photon  absorption  had  been  investigated  by  many  more 

authors  in  various  crystals  like  GaSe^'0^ CdS  -Se.  ^  Most  of 

X  I  ™x 

these  studies  indicated  a  square  law  dependence  on  the  excitation 
intensity.  Two-photon  absorption  was  usefully  employed  to  shape 
the  Q-switched  pulses.  R.K. Chang  et.al. ^and  Lisitsyn^  inserted 

two-photon  absorbing  semiconductors  in  the  cavity  of  a  Q-switched 
laser  to  obtain  shaped  elongated  pulses.  They  demonstrated  that 
laser  pulses  of  controllable  duration  could  be  got  by  using  non-li- 
1 inear  absorbers  inside  the  cavity. 


The  three-photon  absorption  in  CdS  was  studied  with  the 

use  of  Ndiglass  laser  only  recently.  B.M.Ashkinadze  et.al?2'* 

detected  the  luminescence  emitted  by  CdS  at  77° K  excited  by  a 

Ncl s glass  laser.  They  detected  the  recombination  radiation  at 

5200  A  after  three-photon  absorption  and  found  that. the  luminescent 

intensity  depended  on  the  excitation  intensity  as  I  -  t-*4 

J  lum  excit  * 


■"  . 


They  used  a  focussed  Q-switched  laser  bean  to  get  higher  intensities. 

f?A 


Arsenev  et.al.  used  the  three-photon  absorption  process  in  CdS 
using  a  mo  de  locked  Ndiglass  laser  to  estimate  the  picosecond 
pulsewidth  from  a  measurement  of  +he  decay  of  the  luminescence 
along  the  length  of  the  crystal. 


Higher  order  absorption  processes  have  been  investigated 

&  4) 


in  some  of  the  alkali  halide  crystals.’'  I. M. Catalano  et.  reported 
four-photon  conductivity  in  KI,  five-photon  conductivity  in  KC1 
and  NaCl  using  a  Q-switched  ruby  laser. 


Most  of  these  experimertal  investigations  were  done  with 
Q-switched  pulses.  With  the  availability  of  mode-locked  Ndtglass 
lasers,  it  is  possible  to  produce  upto  a  few  gegawatts/cm  without 
focussing.  The  pulsewidths  are  of  the  order  of  a  few  picoseconds 
and  so  the  measurement  of  photoconductivity  is  a  transient  one 
and  one  can  estimate  the  number  of  non-equilibrium  carriers  produced 
exactly.  All  the  recombination  times  are  slow  compared  to  the 
generation  time.  Such  a  study  of  the  interaction  of  picosecond 
pulses  with  semiconductors  will  throw  more  light  on  the  behaviour 
of  the  non-equilibrium  charge  carriers  in  a  very  short  time  scale. 
The  multi-photon  processes  can  be  studied  with  e-.se  because  of  the 
high  peak  power  associated  with  these  ultra  short  pulses.  Another 
advantage  of  using  these  short  pulses  is  the  higher  damage  threshold 
because  of  their  short  time  duration. 
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C.  AIM  OF  THE  PRESENT  EXPERIMENT: 

In  the  present  study,  we  chose  to  investigate  the  multi¬ 
photon  conductivity  in  semiconductors  using  a  Nd: glass  laser 
with  a  view  to  examine  their  suitability  to  measure  picosecond 
pulsewidth.  Since  two-photon  conductivity  in  GaAs,  CdS  -Se. 

A  I  “A 

and  three-photon  conductivity  in  CdS  were  not  extensively  studied 
before,  we  undertook  to  investigate  these  processes  using  Q-switched 
and  mode-locke  Nd: glass  laser  pulses.  In  the  following  thesis, 
we  present  an  investigation  of  two-photon  conductivity  in  GaAs, 
CdS^-Sep.  crystals  and  three-photon  conductivity  in  CdS  and  the 
use  of  these  processes  to  measure  intensity  correlations  of 
second  and  third  order  of  the  picosecond  pulses  of  the  Nd:glass 
laser  and  hence  estimate  the  pulsewidth. 

The  theory  for  multi-photon  absorption  and  multi-photon 
conductivity  in  semiconductors  is  given  in  Chapter  2  and  will 
be  compared  in  a  later  chapter  with  our  experimental  investigation. 

A  brief  account  of  picosecond  pulsewidth  estimation  using  second 
and  third  order  intensity  correlations  is  also  given.  The  design 
of  experiments  and  the  description  of  the  laser  used  are  given 
in  Chapter  3.  Chapter  4  gives  a  detailed  discussion  of  the 
results  obtained  in  the  current  investigation. 


CHAPTER  2  - 


THEORY 

INTRODUCTION: 

Gallium  Arsenide  is  a  direct  band  gap  semiconductor 
whose  forbidden  energy  gap  is  1.41  ev  at  room  temperature. 

The  photon  energy  of  t\e  Nd:glass  laser  is  1.17  ev.  So  it 
is  possible  to  excite  the  electrons  from  the  valence  band  to 
the  conduction  band  by  the  absorption  of  two  photons  simultaneously. 
CdSx-Se1_x  is  a  II-VI  semiconductor  with  a  fobidden  energy  gap 
at  k  =0.  The  magnitude  of  the  energy  gap  varies  with  the 
composition  x.  For  x  *0.5,  the  energy  gap  corresponds  to  2ev. 

As  such  one  can  study  the  non-equilibrium  charge  carriers  produced 
by  simultaneous  absorption  of  two  photons.  In  a  single  photon 
absorption  process,  the  absorption  coefficient  is  independent  of 
the  intensity  of  light.  For  the  case  where  the  charge  carriers 
are  generated  by  the  two— photon  absorption,  the  absorption 
coefficient  is  linearly  dependent  on  the  light  intensity. 

For  Cadmium  Sulphide  (CdS),  the  band  gap  occurs  at  k=0  and ^  2 . 4?ev. 
The  absorption  coefficient  in  such  process  will  be  proportional 
to  the  square  of  the  intensity  of  light  as  we  shall  see  presently. 
The  two  and  three-photon  absorption  coefficients  can  be  calculated 
using  time  dependent  perturbation  theory  and  the  appropriate 
band  structure  for  these  crystals. 

In  this  chapter,  we  will  outline  the  derivation  of  two 
and  three-photon  absorption  coefficients.  These  expressions 
will  be  used  to  calculate  the  generation  rate  of  non-equilibrium 
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carriers  and  subsequently  a  formula  for  multi-photon  conductivity 
will  be  derived.  These  theoretical  expressions  will  be  used 
to  compare  with  our  experimental  observations.  Finally,  the 
theory  of  picosecond  pulse  width  measurement  using  two-photon 
and  three-photon  absorption  is  given. 

TWO-PHOTON  ABSORPTION  COEFFICIENT: 

(0 

Maria  Goppert  Mayer  first  used  second  order  time  dependent 
perturbation  theory  to  calculate  the  two-photon  transition  rate 
in  atomic  media.  Braunstein  and  Ockmann^gave  a  similar 
calculation  ior  semiconductors.  They  derived  an  expression  for 
the  transition  rate  for  two-photon  absorption  using  an  initial 
valence  band,  a  final  conduction  band  and  an  intermediate 
virtual  conduction  band  different  from  the  final  one.  They 
did  not  include  the  initial  valence  band  and  the  final  conduction 
band  as  intermediate  states.  Obviously  their  derivation  is 
not  applicable  to  semiconductors  for  the  following  reason. 

The  conduction  band  and  valence  ba,  d  at  k  =0  are  having  definite 
parity  as  s  and  p  levels  of  the  atom.  So  two-photon  absorption 
is  forbidden  at  k  =  0.  However  at  k  different  from  zero,  the 
energy  levels  are  of  mixed  parity  and  so  the  dipole  matrix  elements 
between  t  ese  levels  are  non-vanirhing.  Basov  et  al^derived 
the  two-photon  transition  probability  taking  into  account  the 
contributions  made  by  considering  the  valence  band  and  the 
conduction  band  as  intermediate  states.  We  will  give  only  an 

outline  of  the  derivation  and  the  details  are  relegated  to  the 
appendix  1 . 
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The  Hamiltonian  for  an  electromagnetic  field  interacting 
with  the  valence  electrons  in  a  semiconductor  is  given  by 

x  =  -+  Viy)  +  —  f  *A 

2  m  Yy\  £ 


fc.  t 

where  —  4  V(r)  is  the  unperturbed  Hamiltonian  in  the  absence  of 
e.m. field  and  P-A  is  the  interaction  Hamiltonian  and  can  be 
considered  as  a  perturbation.  The  solution  of  the  unperturbed 
Hamiltonian  gives  the  band  structure  of  the  material.  We  will 
assume  that  the  bands  are  parabolic  and  that  the  two-phuton 
transition  occurs  near  k  =  0  so  that  we  can  use  the  band  structure 
derived  from  Kane's  theory.  ^  The  transition  rate  per  unit  volume 
for  two-photon  absorption  is  given  by  (  see  appendix  1  ) 


ATT  J _ 

"ft  (^rrj3 


Hf-n  ^ni. 
Ew  -  ( 


where  =  <  (-  I  £c  £*A  I  n> 


We  will  consider  the  valence  band  and  the  conduction  band  as 
t  e  initial  and  final  states  (i,f).  The  intermediate  state  n 
can  be  either  tne  final  conduction  band  or  the  initial  valence 
band.  The  higher  conduction  bands  and  the  deeper  valence  bands 
are  far  away  and  the  square  of  the  energy  denominator  correspondingly 
increases  and  so  the  contributions  from  these  bands  can  be 
neglected.  The  band  structure  of  GaAe  is  shown  in  Figure  1. 


Hc  tv  Hq. 
-ft  to 


Z 

6(ec-e  j-zuv) 


i  =  1,2,3  for  three  valence  bands. 


BAND  STRUCTURE  OF  Ga  As 


C  -  conduction  band.  V1  2  3  -  valence  bands  . 

Eg  -  forbidden  gap  .s  a  -  split  off  band  width . 

Energy  -measured  w.r.  t  the  top  of  vale-nce  bands  Vj  and  V 
Eg  =  I.41  ev  3  A  =  o*3B  ev  (at  300  *k)  3 
Effective  masses  ^  =  o**72m0j 

0.6 8  wc  ,  0.085  ™0  ,  o.z5"m0  ^  m0  -  electron  rest  mass. 


FIGURE  1 


The  matrix  elements  can  be  evaluated  using  the  Bloch  wave 


functions 


TU  =  '  (2 
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Where 


c\3  = 


0  is  the  band  index 
k  is  the  momentum  vector. 
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A*  =  (\  o?  ,  where  A  is  the  magnitude  of  the  vector  potential  of  the 
e.m. field  and  is  the  polarisation  vector. 


— *  +  — F 
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and  the  intensity  I  = 


ujz  e/x  A2, 

8”  ire 


Putting  all  these  expressions  into  Eq.(3)  and  integrating  ,  we 


K)  A^yye\  \C«-?>coA  {stw_e^r 

V  /  c  r1  Cfc  'VY'2, 


The  two-photon  absorption  coefficient  k|2^  Is  defined  as 

=  A*w  ($-) / 1 

Taking  into  account  the  degeneracy  of  the  bands  due  to  spin, 
we  get 


,c*)  _ 


JL^TTe* 

6  t f)5 


this/  ^  <*"-■>>*  ■ 


wnere  i  =  1,2,3  for  three  valence  bands. 

The  two-photon  absorption  coefficient  is  thus  seen  to  be 
proportional  to  the  first  power  of  the  intensity.  Now  knowing 
the  bard  structure  and  the  values  of  the  effective  masses, we  can 
calculate  the  absorption  coefficient.  The  two-photon  absorption 
coefficient  for  GaAs  and  CdS^-Se^  was  calculated  using  this 
formula  and  is  shown  in  Appendix  2  and  3. 

THEORY  OF  THREE-PHOTON  ABSORPTION: 

For  CdS ,  we  require  an  expression  for  the  three-photon 
absorption  coefficient.  We  have  to  use  the  third  order  time 
dependent  perturbation  theory.  We  use  the  same  two  band  model 


as  we  used  in  the  derivation  of  K' 


The  Hamiltonian  X  is 


given  by 


X  =  H0  t-  H1  +  H  " 


where 


h.  ■  a*  + w 

H1  =1  ff 
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In  the  previous  derivation,  we  omitted  H"  since  H*'  contri  butes  to 

two-photon  process  as  a  first  order  term  and  the  matrix  element 

vanishes  because  of  orthogonality  of  the  wave  functions  of  the 

initial  and  the  final  states.  But  in  the  third  order  process, 
n 

H  contributes  through  a  second  order  term. 

We  get  for  the  transition  probability  per  unit  volume  as 
shown  in  appendix  4  , 


Wf  _  ATT  j_ 
V  “  (J  tr 


f^bfl  4.  T 

J  1  *  n  En.--fc  w 
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Using  Bloch  wave  functions  we  can  write  the  matrix  elements. 
The  dipole  matrix  elements  are  the  same  as  before c 


-  ^  (I)2  ?.  A» 

Omitting  the  photon  momentum  to  be  small  as  before  and  taking 
the  initial  valence  band  and  the  final  conduction  band  as  virtual 
intermediate  states,  we  get 


f~rJ  dSh  <(Ee-Ew-3*«)  |WMr 
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Where 


=  HC(?  H wccH'ctj 


-z-k  uj 


4.  Hpt? 
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*3,  *>  uo 


4-  _Bcv>  Hjyc  H*C(,  +  H1^  Hup 

(-  2t  w)(eC(J--k  wj)  (EC0-A*utf)£-*w) 


H ct^  Hcc  B  c  i? 
(En>~A+i  ui)  (Eeo-t  >0 


Substituting  the  matrix  elements  in  ^C{Jt  we  find  the  first 
two  terms  to  cancel  out  to  zero  and  we  are  left  with  the  four 
terms  containing  the  dipole  matrix  elements. 

E  £  y  =  3*7  u;  Eg  4-  fe. 


where  j_ 

h 


— ~  4-  -~ 


After  integration  (see  appendix  4  )  ,  we  get  an  expression 

for  as 

V 

W*  =  JL  !_\*  ®o  Is 

V  (*Taj)'°  \<z  €'lx)  \h)  y^z 

*  ’  |  (3^-Ejf  -  |  Bt  £(3*^)%  i-  g  ^WZ] 


where 


B0  = 


Taking  into  account  spin  degeneracy  and  the  definition  of 
three-photon  absorption  coefficient  as 
k(30  _  31>m>  (Wfr/V<) 


we  get 

K®«  3xV%TT2^-4,  fJt' 

(*  u>y  [c  e  fz 


tiri 


The  calculation  of  the  absorption  coefficient  in  the  case  of 
CdS  is  shown  in  Appendix  5. 


PBS 
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Theory  of  Multi-photon  Conductivity: 

Once  we  know  the  absorption  coefficient,  we  can  calculate 
the  generation  rate  of  carriers  in  the  crystal.  The  intensit 
distribution  along  the  length  of  the  crystal  for  multi-photon 
absorption  follows  a  differential  equation 

=  -  /Sn  1 H 

d*  H 

where  n  denotes  the  order  of  absorption  and 

OO 


K  1""'  =  K 


absorption  coefficient. 


Integrating,  we  get 

I,  = 


C3) 


The  generation  rate  of  non-equilibrium  charge  carriers  F(x) 
is  given  by 


f«  =  h. 


n 


n  t;  u; 


h.  trw 


n 


■  « 


The  concentration  of  the  generated  carriers  under  steady  state 
conditions  obey  the  following  differential  equation. 


-  ^  =  -fw 


^  0  V 

where  p  is  the  concentration  of  non-equilibrium  charge  carriers 
and  is  the  diffusion  constant,  and  't  is  the  life  time  of  the 
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(29,30,30 

carrier.  Jick  H.Yee  solved  this  equation  by  the  method 
of  variation  of  parameters  (  see  Appendix  6  )  and  used  the 
solution  to  calculate  the  photoconductivity  AG  as 

L 

AG  =  y"/c<v(^p+  (*•)  dyd*  - (5j 

o  o 

The  final  formula  for  steady  state  n-photon  conductivity  is 
as  follows 


CC  V  Ig 
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where  oC  =  <V  ik  (hp  +  he )  j  =  ±- 

c  'if 

In  the  case  of  GaAs,  the  diffusion  length  (l//0  is  very  short 
of  the  order  of  10~^cm  and  A  L  »>  1 ,  (  10^X.03  =  300  )  ,  the 
formula  for  two-photon  conductivity  becomes  for  n=2, 

A  < =.  U  L  - (7J 

1+4  I„L 

This  expression  holds  good  for  steady  state  conductivity  and 
in  an  experiment  with  Q-switched  laser  pulses,  the  pulses  are 
long  compared  to  the  steady  state  life  time  of  the  carriers  and 
so  we  are  in  short  measuring  the  steady  state  photoconductivity. 
This  happened  to  be  the  case  with  GaAs  since  the  photo¬ 
conductivity  life  time  was  found  to  be  short  compared  to  the 
Q-switched  pulse  duration.  For£I„|_0»  AG^  06  Ig 
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indicating  the  two-photon  nature  of  the  absorption  process. 

In  the  case  of  mode-locked  pulse  excitation,  non¬ 
equilibrium  charge  carriers  are  produced  within  an  interval 
determined  by  the  pulsewidth  and  normally  the  lifetime  of  the 
carriers  is  long  compared  to  the  picosecond  pulsewidth  and 
so  we  are  measuring  the  transient  photoconductivity.  In  the 
case  of  crystals  like  CdS>5-Se>5  and  CdS,  the  electron  life 
time  is  of  the  order  of  a  few  microseconds  01  more  and  so  we 
will  be  measuring  the  transient  photoconductivity  whether  we 
use  Q-switched  or  mode-locked  pulse  excitation.  So  we  will 
presently  calculate  the  multi— photon  conductivity  for  a 
transient  process. 


Multi-photon  conductivity  for  short  pulse  excitation: 

If  a  short  pulse  is  incident  on  the  crystal,  the 
concentration  of  carriers  gererated  at  a  point  'x'  due  to 
multi-photon  absorption  is  given  by 

I=0C)  =  F  OO  t£ 


=  4 


where  ti  is  the  pulse  width. 

Then  AGi^can  be  calculated  using  the  expression  (5) 


A(n^  =  <V  he)  P*  t\.  f  d.1 _ 

c  VI  *  W  S[.+  Cn-.)A1ID""'*]fcT 
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This  agrees  with  the  Jick  Yee's  formula  if  we  neglect  the 
second  term  and  replace  V  the  electron  life  time  by  the  pulse 
width  t^  .  As  before  for  a  two-photon  process, 

4  ±  <¥  Oe  +  (>~3  ^  ij.  k .  ±i_  -  P) 

For  a  th^ee-photon  process, 


A(n 


<V  (he  +  1%)  - - — 


(\+J- 


ftloV 


When  /83I*L  C<  1  , 

A  6a>  =  ‘VOe+K)  Ji-  AIo3L  - (") 

c  P  3*k)  3 


-(3)  3  . 

ACn  06  I0  indicating  the  three-photon  nature  of  the  absorp¬ 
tion  process.  The  formula  for  A Gi^and  AGPwill  be  used 
in  a  later  chapter  to  estimate  the  values  of  the  two-photon 
and  three-photon  absorption  coefficients  from  the  measured 
photoconductivity. 


The  square  law  and  cube  law  dependence  of  photoconductivity 
can  be  used  to  measure  the  second  and  third  order  intensity 
correlation  of  the  picosecond  pulses  and  hence  to  estimate  the 
pulsewidth.  So  far  only  fluo res cence33>3ancP  harmonic  measurements3^^ 
have  been  done.  From  a  multi -photon  photoconductor,  the  output 
we  get  is  an  electronic  signal  and  so  if  the  photoconductivity 
method  is  successful,  we  could  construct  an  electronic  detector 
for  the  measurement  of  picosecond  pulsewidth.  The  theory  behind 
higher  order  intensity  correlation  measurement  is  given  below. 

Second  order  correlation: 

The  typical  arrangement  for  the  two-photon  technique  for 
the  dioplay  of  picosecond  pulses  is  shown  in  Fig.  2.  Carriers 
are  produced  in  the  crystal  by  simultaneously  absorbing  two  photons 
at  the  fundamental  laser  frequency  from  the  resulting  light  field 
of  the  superposition  of  the  two  beams.  The  resulting  light  beam 
is  represented  by  a  field  Er(t)  given  by 

Er(t)  =  E(t)  +  E(t+*) 

where  E(t)  is  the  incident  light  field  in  one  direction  and 
£  =  2nZ/c  is  the  delay  time  between  the  two  signals,  and  2z  is 
the  path  difference  between  the  two  beams.  The  output  from  the 
crystal  can  be  measured  and  is  an  average  value  of  <£G)>  of  the 
photoconductivity,  averaged  in  time  and  space  over  several  optical 
wavelengths.  Now, 
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<d«>  ^  <  VY«r)  VTtW  VrV)  V*(«  >  _ (ii) 


where  Vr(t)  is  the  analytic  signal  associated  with  the  real 
field  Er(t).  The,  quantum  mechanical  probability  ‘ p »  for  Two- 
photon  absorption  is  given  by 

P  ci  Tr  (  p  a+  Ol  a  a.)  . . 

where  f>  is  the  density  matrix  describing  the  light  field.  In  the 
classical  limit,  ^corresponds  to  the  creation  operator  of  and  V*(t) 
to  the  annihilation  operator  a.  (li)  is  proportional  to  (i3)  in 
the  classical  limit. 

VY  (k)  =  V(t)  +  V  (t+  2?) 

Let  V  =  V(t)  and  =  V(t-+  fr)  . 

Then  the  observed  conductivity  at  a  certain  position  is  expressed 
as , 

<A  G.  >  w  =  <c V + )  (v-t  vr)  ( v*+  v*)  C V*+  v£ )> 

=  a  <vvv*v‘>  +  4  <  v  Vj,  v'  > 

+  a  <(v v*+  V*v£Xw**  +  v*  y*)> 

+  <vv*vv'  +  v'Vt.v* 

The  first  two  terms  are  proportional  to  the  intensity  correlation 
functions  G^2),  also  taiown  as  Glauber 's^second  order  correlation 
The  lasf  two  terms  describe  interference  effects 


functions . 


giving  spatial  variations  proportional  to  Cos(a)0f)  and  Cos(?aj(-)'t), 
where  to0  is  the  mean  center  frequency  of  the  light  field.  Due  to 
the  slow  response  of  the  crystal,  these  variations  are  averaged 
out  to  zero.  The  normalised  photoconductivity  is  now  expressed 

p 

by  the  intensity  correlation  function  G  ('£')  of  the  field. 


Og>  (?)  = 


A  G*\o)  +  4  <na(£) 
Ct  *  (o) 


( '?) 


<  VCO  VCf-t  *)  v'ct)  V*(t+  t)  > 

<  V@-J  V’Vf)  Vft-  +  iO 


y  refers  to  a  time  average  or  an  ensemble  average.  If  only  a 
time  averaging  is  considered,  then 

I  it)  =  VV  + 

o 

G.V)  =  (i)  /  iw  i^h  ie 


where  I  is  the  mean  intensity. 

At  the  peak  of  the  pulse,  V  =  0, 


peak 


<**>, 


background 


oL  G\ZCO)+  *t  G\\o) 
(nZC P) 

=  A  G\ZQ»-t  £f(hZ  12?) 
1  &  \°) 


Contrast  Ratio  »H •  =  Pea^ - 

<TA(n'^  background 


3Gyz(0) 

G\\o)±  If*'#) 


For  a  bandwidth  limited  short  pulse  (  T  =  Ay"1)  i.e.  in  the  case 
of  a  perfectly  mode-locked  beam, 

6 

G  (0)  o  at  delay  times f^Ay  1  due  to  the  vanishing  intensity. 

••<AG>6=  2. 

Contrast  Ratio  =  3. 

Tf  we  scan  the  region  near  the  perfect  overlap  of  the 
pulses,  we  can  map  the  correlation  function  as  a  function  of 't . 

The  two-photon  conductivity  can  be  measured  as  a  function  of  "fr . 

This  should  give  a  peak  at  the  overlap  point  (tr= 0)  and  this  peak 
must  be,  according  to  theory,  three  times  higher  than  the  background. 
The  halfwidth  of  the  correlation  curve  gives  a  measure  of  the 
pulsewidth.  Similar  structure  of  the  correlation  curve  is  exhibited 
by  Q-switched  or  a  free  running  laser  but  with  a  reduced  contrast 
ratio  of  1.5  .  Care  must  be  exercised  to  Interpret  the  results 
of  these  measurements.  However  if  one  observes  the  mode-locking  of 
the  laser  beam  in  a  fast  oscilloscope,  one  can  easily  eliminate 
the  possibility  of  reduced  contrast  ratio  due  to  Q-switching  or 
free  running  of  the  laser. 

Third  Order  Correlation; 

Tf  we  use  a  three-photon  absorber  instead  of  the  two-photon 
absorber,  we  can  measure  the  autocorrelation  function  of  third 

As  before,  the  three -photon  conductivity  can  be 


order. 
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measured  as  a  function  of * .  Then  the  observed  photoconductivity 
at  certain  position  is  expressed  as 

>(?)  ~  <(v+vt)Cv+vt)^v-»-v^)  6/*+V£)(v*+v£)  (vV  vj) 

This  corresponds  to  the  three-photon  absorption  probability 

PC3J  ~  Ty  ( p  ol+  a+  a*  a.  a  a  ) 

we^can  express  the  normalised  photoconductivity  in  terms 
Glauber  s  third  order  correlation  functions.  After  a  straight 
forward  algebraic  simplification. 


f&Cn3)ycr) 


Where  (J.W  />  )  -  (t  r71  W-n 

L  ^  -  v1/  J  I  <te 

—  00 

where  I  is  the  mean  intensity. 

At  the  peak  of  the  pulse,  *  =  o  ,  so  <A<?\  =  2o 

a  4.  ^p©9»k 

a  point  far  away  from  the  overlap  (ie)  *>>1/^  ,  03(^)  =  0, 

so^A  <n  S  ,  _  p 

v  background  "  ^ • 

Therefore,  Contrast  Ratio  =  ^  A  ft  ^(5  tn 

<*<*»>  i 

Therefore  the  third  order  correlation  measurement  will  give 
a  larger  contrast  ratio  and  so  it  can  he  easily  measured.  Switched 
or  free  running  laser  should  give  a  contrast  ratio  of  so 

in  a  measurement  of  picosecond  pulsewldth  using  the  third  order 
process  one  can  easily  differentiate  the  Q-switched  pulse  from 
the  mode-locked  pulse  since  there  is  a  factor  of  4  in  contrast 
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ratios  unlike  a  factor  pf  1.5  in  the  case  of  measurement  with 
a  two-photon  process. 

In  chapter  4,  we  will  be  discussing  the  correlation  measure¬ 
ments  using  two-photon  conductivity  in  GaAs  and  CdS  r-Se  and 

•  5  .  b 

using  the  three-photon  conductivity  in  CdS.  Once  we  demonstrate 
in  principle  the  picosecond  pulsewidth  measurement  using  multi-photon 
conductivity  in  semiconductors ,  the  construction  of  an  electronic 
multichannel  detector  using  a  layered  thin  film  semiconductor 
structure  may  become  feasible  in  the  near  future. 
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CHAPTER  2 

Design  of  Experiments: 

In  this  thesis,  we  present  an  experimental  investi¬ 
gation  of  two-photon  conductivity  in  GaAs  using  Q-switched 
and  mode-locked  Nd:glass  laser.  We  also  studied  two-photon 
conductivity  in  CdS  c-Se  r  and  three-photon  conductivity  in 
CdS  using  only  mode-locked  laser  .  The  present  chapter  gives 
a  brief  account  of  the  laser  used  and  the  design  of  experiments. 
To  facilitate  understanding  of  the  correlation  measurements 
using  these  non-linear  photoconductors,  we  will  give  a  brief 
account  of  the  mode-locking  the  laser. 

The  Neodymium  Glass  Laser: 

In  the  Neodymium  glass  laser,  the  Nd^+  ion  is  present 

as  an  impurity  atom  in  glass.  The  energy  levels  involved 

in  the  laser  transition  in  a  typical  glass  are  shown  in 

Fig.  3.  The  glass  rod  is  usually  pumped  by  a  coaxial  Xenon 

flash  lamp.  The  Ndjglass  has  a  wide  absorption  band  in  the 

ultraviolet  and  in  the  visible  region.  After  absorption 

of  the  wide  band  light  from  the  flash  lamp,  the  system  relaxes 

to  the  excited  state  (  upper  lasing  level  )  4F^.  The  laser 

emission  occurs  at  a  wavelength  of  1.059  pi  and  the  lower 

level  is  1950  cm  above  the  ground  state.  We  have  here  a 

four  level  laser,  since  the  thermal  population  of  the  lower 

laser  level  is  negligible.  The  fluorescent  linewidth  is 
-iC4l) 

around  100  cm  .  This  rather  large  inhomogeneous  linewidth 


30 


I 

T 

i 

X 

is  due  to  the  amorphous  structure  of  glass,  which  causes  different 
3  *i 

Nd  ions  to  see  slightly  different  surroundings.  Different  ions 
consequently  radiate  at  slightly  different  frequencies,  causing 
a  broadening  of  the  spontaneous  emission  spectrum.  This  large 
linewidth  is  advantageously  utilised  in  the  mode-locking  of 
lasers  as  we  shall  see  presently. 


The  laser  used  in  the  present  investigation  was  a  Korad 
Kl-system  with  a  Nd: glass  rod  having  a  Brewster-Brewster  configuration 
to  avoid  reflection  losses.  The  laser  rod  was  of  diameter  0.5" 
and  length  8"  .  Two  dielectric  mirrors  (  99.9  %  and  65$ 

reflectivities  )  formed  the  laser  cavity.  The  useful  beam  came 
out  of  the  partially  transparent  mirror. 


Q-switching  the  Nd: glass  laser  was  done  by  introducing 
a  cell  containing  Kodak  9860  dye  solution  in  dichloroethane  inside 
the  cavity.  Since  the  same  configuration  was  used  to  mode-lock 
the  laser,  it  was  sometimes  difficult  to  get  neat  Q-switched 
pulses.  For  this  purpose,  we  introduced  an  interferometric  flat 
inside  the  cavity  to  avoid  mode-locking. 

Mode-locking  the  Laser;- 

Let  us  consider  a  laser  as  a  resonant  Fabry-Perot  cavity 
whose  dimensions  are  large  compared  to  the  wavelength.  Then  we 

note  that  many  axial  interferometric  modes  within  the  inhomogeneous 
linewidth  can  oscillate  more  or  less  independently  of  each  other. 

In  the  Q-switched  case,  these  modes  are,  in  general,  uncoupled  and 
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have  no  fixed  phase  relationship  with  one  another.  The 
resultant  electric  field 

Er  =  E  En 

where  En  is  the  electric  field  of  the  n-th  mode. 

Intensity  Iuncoupled  =  E„.  E*  =  N.E*  for  -N'  modes, 

since  <^n1|  En2^>  vanishes  for  uncorrelated  fields. and 
En=  E0.Exp(i<|>n)  where  (|>n  is  at  random  and  Eq  is  the  mode 
amplitude  (  assumed  to  be  equal  ) . 


Now  consider  the  case  where  there  is  a  fixed  relationship 
between  the  phases  of  the  different  modes  which  are  equally 
spaced  at 


“V  - 


=  XLTT  x  C 
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wnere  t  is  the  length  of  the  cavity.  Let  us  assume  for 
simplicity  the  phases  to  be  zero.  Then  the  resultant  electric 
field  is  given  by 

C  (Wo  +  riw)t 

ER  =  Z.  Eo  € 

"(N-0  IZ 

where  lDois  the  center  frequency  of  the  laser 
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Now  when  the  modes  are  locked 


Sorv  (Nuitr/O 

Sirt  (Lu )t/z') 

in  phase,  the  laser  intensity 


is  given  by 

^mode -locked 


^Z  Sun.2  (Nu/t/2) 

SimZCwt/2) 


Therefore  we  see  that  the  intensity  of  the  mode-locked  laser 
is  in  the  form  of  a  train  of  pulses  with  a  period  T  = 

60 


and  Ip|ggde-looked)  =  N2!!2  =  N  Iunmode_loc][ed .  We  see 

that  the  intensity  is  increased  by  the  number  of  participating 

modes.  The  pulsewidth  is  defined  as  the  time  from  the  peak 

to  the  first  zero  and  is  equal  to  & JL  — !—  where  AY  is  the 

NuJ  AY 

inhomogeneous  line  width. 

Thus  we  see  that  when  the  modes  are  locked  in  phase, 
we  get  a  train  'r  pulses  of  greater  Intensity  and  lower  width 
which  is  approximately  the  inverse  of  the  gain  line  width. 

As  we  have  seen,  the  inhomogeneous  line  width  of  the  laser 
is  3X10  Hz  (AV)  and  we  should  expect  pulses  of  0.33  psecs 
duration  theoretically. 

To  generate  these  ultra  short  pulses,  we  must  couple 
together  all  the  laser  modes  falling  within  the  line  width 
by  putting  an  active  or  passive  modulator  in  the  cavity. 
Normally  we  use  passive  mode-locking  with  the  help  of  saturabl 
dye  solution.  Despite  its  wide  use,  passive  mode-locking  is 
not  well  understood.  However  the  mode-locking  using  a 
saturable  absorber  can  easily  be  explained  on  a  qualitative 
basis  in  the  time  domain  as  follows: 

The  saturable  absorber  has  a  non-linear  transmission 
characteristic.  Viewing  the  laser  as  a  .quantum  mechanical 
oscillator  building  up  from  spontaneous  emission  noise,  the 
low  amplitude  portiions  of  the  amplified  fluctuating  sponta¬ 
neous  emission  noise  are  discriminated  against  the  high 
amplitude  portions  because  of  the  non-linear  transmission  of 
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the  dye  solution.  At  low  light  intensities  only  a  small 
fraction  of  the  laser  light  is  transmitted  through  the  absor¬ 
ber.  At  high  light  intensities,  the  absorber  becomes 
transparent.  The  lower  intensity  portion  of  the  pulse  is 
cut  off  by  the  saturable  absorber  and  the  absorber  is  bleached 
during  the  peak  of  the  pulse.  By  the  time  the  pulse  is 
reflected  back,  the  absorber  relaxes  to  ground  state  and  once 
again  the  pulse  is  amplified  and  narrowed.  Within  a  few 
cycles  (  return  cavity  round  trip  times  ) ,  the  pulse  is 
narrowed  to  its  limit  namely,  the  inverse  of  the  oscillating 
bandwidth  of  the  laser  system. 

The  block  diagram  of  a  mode-locked  laser  is  shown  in 
figure  4  .  The  saturable  absorber  used  in  mode-locking  the 
Nd: glass  laser  was  Kodak  9860  dye  solution  in  dichloroethane . 
Mode-locking  was  done  for  a  number  of  other  lasers  such  as 
Ruby,  Nd: Yag,  He-Ne.  Because  of  the  narrower  line  widths 
of  the  latter  media.,  production  picosecond  pulses  of  higher 
intensity  is  really  limited  to  Nd5+:glass  medium. 

Calibration  of  the  output  intensity: 

The  experimental  set-up  is  s ’own  in  figure  4.  The 
Nd: glass  laser  was  Q-switched  using  the  dye  cell  containing 
Kodak  9860  dye  in  dichloroethane  and  an  interferometric  flat 
wich  served  to  prevent  any  mode-locking.  The  output  through 
the  partially  reflecting  mirror  was  sent  through  a  flash  lamp 
filter.  The  photo  diodes  measured  the  intensity  of  the  light 
reflected  from  ordinary  glass  beam  splitters.  The  energy  of 
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the  beam  was  measured  by  a  calibrated  thermopile  calorimeter 
the  output  of  which  was  connected  to  a  microvoltmeter.  The 
output  from  one  of  the  photo  diodes  (  ITT  coaxial  photo  tube) 
was  connected  to  a  fast  519  oscilloscope.  This  combination 
had  a  rise  time  of  O.J  nsecs.  The  measurement  on  this  was 
used  to  determine  the  pulsewidth  and  also  the  Q-switching  of 
the  pulse  could  be  checked.  The  other  photo  diode  was  conn¬ 
ected  to  a  Tektronix  dual  beam  scope  and  the  pulse  height  was 
taken  as  a  measure  of  the  intensity  of  the  pulse.  For  the 
intensity  calibration,  every  laser  pulse  was  simultaneously 
recorded  on  both  the  oscilloscopes  and  the  energy  in  Joules 
was  determined  from  the  calorimeter  output.  Knowing  the 
pulsewidth,  we  calibrated  the  pulse  height  in  the  dual  beam 
oscilloscope  with  the  intensity  calculated  from  the  energy  and 
cross-section  of  the  beam.  The  linearity  of  the  photo  diode 
was  checked  for  two  decades  of  intensity.  So  the  photo  diode 
was  set  to  read  intensity  In  Mw/cm2. 

In  the  case  of  mode-locked  pulses,  emission  occurred 
only  during  short  intervals  of  the  order  of  picoseconds. 

So  to  measure  peak  intensity,  we  should  measure  the  pulsewidth. 
We  removed  the  optical  flat  from  the  cavity  and  used  a  contact 
dye  cell  with  the  99#  mirror.  The  dye  cell  was  very  thin 
and  could  hold  approximately  2ccs  at  2mms  thickness  and 
5  cms  diameter.  This  thin  contact  dye  cell  was  found  extremely 
useful  in  getting  neat  mode-locked  pulse  trains  well  over 
80  %  of  the  times  we  fired  laser. 


The  mode-locking  was 


checked  by  one  of  the  photo  diodes  (ITT)  connected  to  a  519 

scope.  This  combination  had  a  risetime  of  a  fraction  of 

a  nanosecond  (  .7  nsecs  ).  The  pulse  energy  was  determined 

as  before  by  a  calibrated  thermopile  detector.  In  a  separate 

measurement,  the  pulsewidth  was  determined  by  the  Two-Photon 

fluorescence  technique  (TPF).  The  laser  beam  intensity  was 

divided  into  two  equal  parts  by  a  50%-50%  beam  splitter  as 

shown  in  figure  4.  Then  the  two  beams  were  totally  reflected 

by  mirrors  to  cross  at  a  long  cell  containing  10-^  molar 

solution  of  Rhodhamine  6G  in  ethanol  which  exhibits  two-photon 

absorption  of  Nd:glass  laser  photons  and  subsequently  emits 

near  the  second  harmonic  of  Ndiglass  laser.  This  fluorescent 

intensity  due  to  the  overlap  of  the  two  split  beams  was 

photographed  using  a  polaroid  camera.  A  typical  picture 

of  the  mode-locked  pulse  train  and  the  TPF  trace  of  the  same 

pulse  train  is  given  in  figure  5  .  We  could  count  the  total 

number  of  pulses  in  the  half  width  of  the  pulse  train  and 

determine  the  energy  per  pulse  (  peak  energy  )  .  In  the 

TPF  trace,  we  see  an  enhanced  intensity  in  the  region  of 

overlap  and  the  width  of  this  bright  spot  1  w1  approximately 

gives  the  pulsewidth  (  z  l£J3  where  C_  is  the  velocity 

c  Yl 

in  ethanol ,  .  This  TPF  trace  should  give  a 

contrast  ratio  of  3  according  to  the  theory  developed  in 
chapter  2  .  We  did  not  measure  the  contrast  ratio  and  so 
our  measurement  iB  only  an  approximate  one.  Since  we  observed 

a  neat  mode-locked  pulBe  train  in  the  519  scope,  we  could 
safely  estimate  the  pulse  width  without  measuring  contrast 


FIGURE  5 
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ratio.  Over  several  exposures,  we  pot  a  value  for  the 
pulse  width  to  be  3  ~  ^  psecs  .  We  could  easily  produce  a 
peak  energy  of  a  few  millijoules  which  corresponded  to  an 
average  power  of  a  few  gega  watts  ( 1 09  watts).  This  rather 
high  peak  power  facilitated  the  investigation  of  muti-photon 
conductivity  in  semiconductors. 

Measurement  of  Photoconductivity: 

Almost  all  the  crystals  used  in  the  present  experiment 
were  cut  from  single  crystalline  wafers.  Ohmic  contacts  were 
made  to  both  ends  of  the  crystal  by  alloying  indium  at  an 
inert  atmosphere  (  under  nitrogen  flow  ).  The  low  resistivity 
crystals  were  checked  on  a  transistor  curve  tracer  for  the 
non-rectifying  contacts.  All  the  crystals  were  connected  to 
a  low  voltage  battery  V  through  a  resistance  R  (  either  50 
or  125-a.).  When  the  crystals  were  illuminated  with  laser 
pulses,  the  change  in  voltage  'v'  across  the  resistance  R 
because  of  the  conductivity  change  was  measured  directly  on 
the  oscilloscope.  'When  the  battery  was  short  circuited, 
the  crystals  were  investigated  for  any  photovoltaic  effect. 

In  all  the  crystals,  the  photovoltaic  effect  was  barely 
observable  (  much  less  than  of  the  photoconductivity 
signal  ).  This  confirmed  the  ohmic  nature  of  the  contacts. 

The  change  in  conductivity  Afa  due  to  the  laser  pulses 
could  be  computed  from  the  voltage  change  v  across  the 
resistance  R  .  Let  rQ  be  the  dark  resistance  of  the 


crystal.  Let  the  change  of  the  crystal  resistance  on 
illumination  be4r.  We  shall  denote  the  dark  current  by  Ld 
and  the  current  during  illumination  by  cc  .  Then, 

V  -  C  ic  ~  t'd  )  R 


where 


v  i  _  v 

R+r0-dr  3  d  ~  R+r0 
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Equating  (l)  and  (2)  we  get, 
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Thus  in  general  the  relationship  between  the  signal  and 
the  photoconductance  4G  is  seen  to  be  non-linear.  To  estimate 
AGr  »  we  have  to  know  the  dark  resistance  of  the  crystal  VQ 
in  addition  to  7  and  R  .  This  formula  (3)  was  used  to 
estimate  the  photoconductivity  cf  low  resistivity  samples. 


In  the  case  of  high  resistivity  compensated  semiconductors, 
re is  large  of  the  order  of  several  megohms  and  R  is  usually 
small  and  so  the  dark  current  can  be  neglected.  Then  Eq.(3) 
becomes 


Rf  Vj£.  -  L9  Yc  1 
L  (R+  r0)z  (R  -t-  r0)  ' 


A  Or 


IS 

C.V  -  R 


since  -  -j  . 

R  +  r0 

The  above  results  will  be  used  to  calculate  the  photoconduc¬ 
tivity  of  low  and  high  resistivity  semiconducting  crystals 
in  the  next  chapter. 
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CHAPTER  4 

EXPERIMENTAL  RESULTS  AND  DISCUSSION; 

Introduction: 

In  this  chapter,  we  present  the  results  of  an 
investigation  of  two-photon  conductivity  in  GaAs  (  both  low 
resistivity  and  high  resistivity  type  )  using  Q-switched  and 
mode-locked  Nd; glass  laser  pulses.  The  two-photon  conductivity 
in  GaAs  was  then  used  to  measure  the  second  order  intensity 
correlation  of  the  mode-locked  pulse  train  and  estimate  the 
picosecond  pulse  width.  We  also  investigated  the  two-photon 
conductivity  in  CdS^— Se^  and  the  three— photon  conductivity 
in  CdS  using  mode-locked  pulse  excitation  and  the  use  of  these 
effects  in  measuring  the  pulse  width. 


A.  Two-photon  conductivity  in  GaAs  using  Q-switched  Nd:Laser: 


The  particular  crystal  used  in  the  present  investigation 
was  an  n-t.ype  GaAs  crystal  of  thickness  0.28  rams  doped  with 
Oxygen  (  concentration  3X1014/cin3  )  and  having  a  resistivity 
of  2.4  cm.  The  crystal  was  exposed  to  Q-switched  Nd:glass 
laser  pulses  of  duration  60-80  nsecs  and  the  maximum 
intensity  was  10  MW/cm2  .  The  experimental  setup  is  shown 
in  figure  6  ,  A  dye  Q-switched  Ndiglass  laser  was  ueod. 

The  Q-switched  laser  pulse  entered  a  pair  of  beam  splitters 
through  a  flash  lamp  filter,  an  aperture  and  calibrated  neutral 
density  filters  (  to  vary  the  intensity  of  radiation  )  . 


Two  photo  diodes  were  used,  one  to  trigger  and  the  other  to 
measure  the  intensity  falling  on  the  crystal.  The  G-aAs  crystal 
was  connected  in  series  with  a  50-tl resistance  to  a  battery. 

The  change  in  voltage  across  the  50-h_  resistance  was  fed  to  a 
dual  beam  oscilloscope  along  with  the  laser  pulse  from  the 
photo  diode.  Polaroid  camera  was  used  to  photograph  the  dual 

beam  traces.  The  photoconductivity  was  computed  from  the 

change  in  voltage  across  the  50-0.  resistance  using  Eq.(3)  of 
chapter  3. 


The  measured  photoconductivity  AG  in  millimhos  against 

p 

laser  intensity  in  Mw/cm  is  shown  in  figure  7  in  a  log-log 
graph.  The  photoconductivity  was  measured  over  three  decades 
of  laser  intensity  .01  to  10  MW/ cm2.  The  result  of  two 

independent  runs  gave  concordant  results.  In  figure  7,  we 
observe  a  break-in-slope  between  1  and  2MW/cm2  and  this  could 
be  explained  by  the  magnitudes  of  the  one  and  two-photon 
absorption  coefficients. 

The  one  and  two-photon  absorption  coefficients  in  the 
same  crystal  were  determined  by  transmission  measurements. 

We  investigated  the  dependence  of  the  intensity  I  of  the  light 
transmitted  chrcugh  the  crystal  on  the  intensity  IQ  of  the 
laser  beam  incident  on  the  crystal.  The  intensity  of  light 
Ix  at  a  depth  'x*  of  the  crystal  is  written  as 

dIx  =  -  *  i  -  £  i2 

H5T  x  P  x 

where  o(  is  the  one-photon  absorption  coefficient  in  cm"1  and 
/3  is  the  two-photon  absorption  coefficient  in  cm/MW  . 


The  solution  of  this  equation  is  of  the  form 


where  I  is  the  incident  light  intensity  just  inside  the 

s  * 

crystal  surface.  If  R  is  the  reflection  coefficient  for 
normal  incidence, 


e«x 

0-  R)3, 


The  experimental  arrangement  is  shown  in  figure  8  .  We 
measured  the  incident  intensity  I  and  the  transmitted 
intensity  Ix  by  calibrated  photo  diodes.  The  plot  of  1,,/lx 
against  IQ  is  shown  in  figure  0  .  A  least  square  fit  was 
made  to  the  data  points.  Knowing  the  reflection  coefficient 
R  ( O2,  »  n-refractive  index  of  GaAs  )  and  the 

thickness  of  the  crystal  x  ,  we  determined  the  value  of  ot 
to  be  2.5  cm-1  from  the  Y-intercept  in  figure  9  .  From  the 
slope  of  the  line,  the  value  of  /5  was  determined  to  be  about 
5.0  cm/MW.  This  value  agrees  fairly  well  with  the  computed 
value  of  3.7  cm/Mw  according  to  appendix  2  and  Basov's*^ 
experimental  value  .  The  single  photon  absorption  coeffi¬ 
cient  was  also  measured  at  1.06  micron  using  a  Cary  Spectrometer 
and  this  gave  a  value  of  ^3  cm  . 
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FIGURE 


Now  the  break-in-slope  observed  between  1  and  2  MW/ cm 2 
could  be  explained.  Below  1  MW/cm2,  the  single  photon  process 
predominates  and  above  1  IiW/cm2,  the  two-photon  absorption 
takes  over.  This  agrees  with  the  above  values  obtained  for 
(X  and  .  The  two-photon  absorption  coefficient  /3lfl 

(cm  '’j  increases  proportional  to  the  intensity  and  is  much 
greater  than  oi  above  1  MW/cm2  . 

Below  1  MW/ cm2,  the  slope  of  the  curve  is  less  than 
unity  and  is  approximately  equal  to  0.6  thus  indicating  the 
nature  of  single  photon  absorption,  probably  due  to  impurity 
levels.  According  to  A.Rose^5?  the  slope  of  the  photocondu¬ 
ctivity  curve  between  •£•  and  1  can  possibly  be  explained  by 
a  continuous  spectrum  of  levels  in  the  forbidden  band  with 
an  exponential  energy  dependence  of  the  level  density.  As 
shown  in  Appendix  7  ,  such  a  model  gives  an  intensity 
dependent  life  time.  Nearly  the  same  slope  has  been 
observed  by  L.M. Blinov  et  al/^and  R.H.Bube^in  their  photo¬ 
conductivity  experiments  (  one-photon  absorption  )  wi th 
GaAs  .  Quite  recently  S.S.Li  and  C.I.Huang^in  their 
investigation  of  recombination  and  trapping  processes  of 
photoinjected  carriers  in  Cr-doped  GaAs,  found  the  life  time 
of  the  carrier  t  dependent  on  intensity  as  't  zz  l0  %  ,  This 
agrees  witn  the  slope  0.6  for  AG\  versus  I0  in  our  experiment. 

Above  1  MW/ cm  ,  the  slope  of  the  curve  is  more  than 
doubled  indicating  the  two-photon  nature  of  the  photoconductiv.it 
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The  impurity  (.jingle  photon  )  conductivity  line  below  1  f'Vv/cm^ 
is  extrapolated  and  is  subtracted  from  fie  curve  above 
1  MW/cm  .  The  resulting  photoconductivity  is  due  to  the 
true  two-photon  effect  and  the  log-log  plot  against  intensity 
is  shown  in  figure  10  .  A  least  square  fit  straight  line 
to  these  points  gave  a  slope  of  1.85. 

To  effect  a  comparison  of  the  experimentally  observed 
two-photon  conductivity  with  Jick  Yee's  theoretically 
calculated  values,  one  requires  the  correct  values  of  the 
mobility  and  the  life  time  of  the  carriers.  The  mobility 
of  the  carriers  is  fairly  well  known  for  a  given  concentration. 
The  life  time  'b'  for  the  calculation  of  steady  state  two-photon 
conductivity  is  estimated  as  follows: 

The  fairly  longer  laser  pulse  excitation  results  in 
reaching  a  steady  state  value  of  the  photoconductivity. 

The  photoconductivity  decay  curve  gives  an  idea  of  the 
response  time  and  the  steady  state  life  time  of  the  carriers 
could  be  observed  only  if  the  laser  excitation  pulse  width 
is  smaller  than  the  carrier  life  time.  At  lower  intensities 

p 

below  1  MW/cm  ,  the  carrier  life  time  depends  on  tie  laser 
intensity  (  continuously  decreasing  with  increase  of  intensity 
according  to  A.Rose^^  see  Appendix  7  )  .  However  at  high 
light  intensities,  where  two-photon  effects  are  observable, 
the  carrier  density  increases  rapidly  because  of  intensity 
dependent  absorption  resulting  in  moving  the  Fermi  level 
towards  the  conduction  band  very  rapidly,  and  the  crystal 


behaves  like  a  trap  free  semiconductor  and  so  the  life  time 
remains  essentially  constant  at  higher  intensities.  To 
calculate  the  two-photon  conductivity,  one  requires  this 
constant  life  time  and  as  an  approximation  the  following 

O 

estimation  is  done  at  1  MW/cm^  where  two-photon  effects  are 
just  observable.  This  estimation  gives  a  slightly  higher 
value  of  the  life  time  resulting  in  an  increase  in  the 
calculated  value  of  the  two-photon  conductivity. 

p 

At  approximately  1  MW/ cm  ,  where  two-photon  conductivit 
is  negligible,  the  measured  value  of  the  single-photon 
conductivity  is  used  to  estimate  the  steady  state  life  time 
of  the  carriers.  Neglecting  surface  recombinat j on ,  we  get 
for  single-photon  conductivity 

AG,  =  |.  4  ^  ic  «  l 

where  oC=  single-photon  absorption  coefficient. 

At  J0  =  1  MW/cm2  ,  A  G  ■=  0*05,  ynhoS 

L  -  0‘  OZS'  Orr\  t  \  )  U  L  ^  0'\ 

C-  J 

zz  &*5oo  Cm  /v-Sec 

,  the  steady  state  life  time  of  the  carriers  is  estimated 
to  give  approximately  10  secs  which  agrees  favourably 

with  Blinov’s  valued ss  5  X  10_11secs  ).  Using  this  value 
of  ,  the  two-photon  conductivity  of  GaAs  is  calculated 
using  Jick  Yee’s  expression  (  see  Eq.  (7)  of  chapter  2  ). 
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The  theoretically  calculated  two-photon  conductivity  is  also 
shown  in  figure  10  .  The  slopes  of  the  experimental  and 
theoretical  lines  are  nearly  equal  thus  indicating  the 
two-photon  nature  of  the  excitation.  The  magnitude  of  the 
observed  photoconductivity  agrees  well  within  an  order  of 
magnitude  with  the  theoretically  computed  values.  The 
observed  discrepancy  may  be  attributed  to  the  inaccuracy 
involved  in  the  estimation  of  life  time  and  also  to  the 
non-uniformity  of  the  beam  distribution. 

Thus  we  state  that  we  have  observed  two-photon 
conductivity  in  GaAs  and  the  magnitude  of  the  same  agrees 
within  an  order  of  magnitude  with  the  theoretically  calculated 
values.  One  may  have  some  doubts  that  the  same  conductivity 
could  be  got  by  generation  of  non-phase  matched  second 
harmonic  of  Nd:glass  laser  radiation  and  subsequent  single 
photon  absorption.  The  following  calculation  precludes  such 
a  possibility. 

The  conversion  efficiency  for  second  harmonic  generation 
C4ll 

is  given  by 
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^of=  377  ohms 

l  =  thickness  of  the  crystal  ■=  0.00028  meters 

A  -22 

a  =  »2x  10  mks  units  (  non-linear  susceptibility) 
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From  this  we  can  calculate  the  absorption  coefficient  for 


such  a  process  as  ^2U)I0~  |05cm_l.  This  absorption  coefficient 
is  negligible  compared  to  the  two-photon  absorption  coefficient 
we  have  observed  above. 


B.  Two-photon  conductivity  in  GaAs  using  mode-locked  pulse 
Excitation: 

In  an  actual  experiment,  where  we  may  use  this 
two-photon  excitation  of  conductivity  for  picosecond  pulse 
width  measurement,  the  crystal  has  to  be  exposed  to  mode- 
locked  laser  pulses  with  higher  individual  pulse  inters 'ty. 
Therefore  the  photoconductivity  with  a  mode-locked  laser  was 
investigated  using  two  different  types  of  GaAs  crystals. 

1 .  0o-doped  n-type  GaAs  (  same  as  in  section  A  ) 

2.  Cr-doped  high  resistivity  GaAs  of  thickness  0.033  cm  and 

O 

resistivity  greater  than  10  -fLcm. 

The  experimental  arrangement  was  the  same  as  in  figure  6 
except  that  we  were  using  a  mode-locked  laser  instead  of  a 
Q-switched  laser.  The  response  of  the  crystal  (  Cr-doped 
GaAs  )  to  laser  pulses  is  shown  in  figure  11.  The  upper  most 
figure(a)  was  due  to  Q-switched  pulse  excitation.  When  the 
mode-locked  pulse  train  (  of  picosecond  pulses  )  was  utilised 
as  the  excitation  light  source,  the  laser  pulse  and  tj^ie 
photoconductivity  signal  as  appeared  on  the  519  scope  is 
shown  in  traces  (b)  and  (c)  of  the  same  figure  11  .  The 
photoconductivity  signal  clearly  shows  a  similar  periodic 
structure  of  the  exciting  pulse  train.  This  indicates  that 
the  conductivity  change  responded  rapidly  to  the  excitation 
of  an  individual  pulse  in  the  train.  In  other  words,  the 
life  time  of  the  induced  charge  carriers  is  much  less  than 
the  separation  (  — r-  =  4.5  nsecs  )  between  two  adjacent  pulses. 
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The  estimate  of  the  life  time  for  the  sample  is  of  the  order 
of  0.1  nsecs  as  shown  in  the  previous  section.  Since  the 
width  of  an  individual  pulse  was  a  few  picoseconds  (~3  psecs 
TPP  measurement  ),  the  effect  shown  in  figure  (c)  should  be 
of  a  transient  nature.  In  figure  11.  (c)  one  notices  that 
the  photoconductivity  does  not  fall  to  zero  between  two 
adjacent  pulses  in  the  train.  This  was  mainly  due  to  the  fact 
that  the  time  response  oi‘  the  measuring  circuit  was  not 
fast  enough. 

We  concluded  from  this  that  the  observed  photoconductivity 
was  in  the  form  of  spikes,  each  spike  corresponding  to  single 
subnanosecond  pulse  of  the  mode-locked  pulse  train.  It  is 
evident  that  such  a  short  pulse  excitation  produces  non-equili¬ 
brium  charge  carriers  dependent  only  upon  the  intensity  of 
the  short  pulse  and  on  the  time  width  of  the  pulse.  So  the 
photoconductivity  must  bo  independent  of  all  the  reco -bi nat ' 
pr-'cecces  sucb  as  surface  reco  i  nation,  trapping,  -to.  Gi-ti. 

•.he  individual  pulse  intensity  is  :f  the  erd of  a  .  , 

the  two-photon  absorption  and  the  effect  of  highe**  order 
processes  on  the  two-photon  absorp*  or  could  bo  ctud>-d  k- 
h’  .her  intensities  of  light.  Further  in  the  3-sw  ‘  tc^.  -a.ee, 

Wr  found  that  the  GaAs  crystal  got  the  3u-face  damaged  wler  we 
exceeded  15  MW/ cm  .  But  in  the  case  of  mode-locked  pulse 
train,  the  damage  threshold  is  raised  because  of  the  sorter 
duration  of  the  individual  pulses. 


57 


..  The  photoconductivity  and  the  laser  in  ten  si  t;,  were 

recorded  as  usual  on  the  dual  beam  oscilloscope.  Since  the 
same  amount  of  time  resolution  was  introduced  .in  both  the 
channels,  we  could  correspond  the  peak  of  the  photoconductivity 
to  the  peak  of  the  laser  pulse.  The  photoconductivity  of  the 
two  samples  was  investigated  with  mode-locked  pulses  in  the 
peak  intensity  range  of  approximately  a  few  MW/cm?  to  a  few 
GW  /cm  and  a  log-log  plot  of  this  versus  relative  intensity 
is  shown  in  figure  12.  Both  curves  display  a  slope  of  2  in 

i 

the  low  intensity  region,  changing  to  unity  slope  at  higher 
intensities.  If  we  compare  the  low  intensity  portion  of  the 
transient  photoconductivity  with  that  of  figure  7  ,  we  see  a 

i 

reduction  in  the  magnitude  of  A<n  by  a  factor  of  approximately 
100  .  Since  the  picosecond  pulses  have  higher  peak  intensity 
we  start  with  a  region  of  slope  2  .  The  transient  two-photon 
conductivity,  according  to  chapter  2  ,  is  given  by 

,-Hs)  3!ll 

c  l+^l„L 

The  over-all  reduction  in  magnitude  of  Aftcomes  from  the  fact 

•  ’ 

that  the  pulse  duration  t^  enters  in  the  expression  for 
photoconductivity  instead  of  the  steadv  state  life  time  of  the 

II 

carriers  in  the  case  of  Q-switched  excitation.  ti  is 
approximately  100  times  less  than  7^.  This  explains  the 
reduction  in  the  magnitude  of  AG  in  the  case  of  mode-locked 
pulse  excitation. 


m  * 

1 


AG  (MLLI  MHOS) 
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MODE  LOCKED  PULSE  EXCITATION 
EXPERIMENTAL  PHOTO  CONDUCTIVITY 

A  n-TYPE  02  DOPED  GaAs  (.028cm  THICK) 
B  Cr-DOPED  SEMI  INSULATING  GoAs 
(,033cm  THICK) 

LIFE  TWE  t  »  t|  (pulse  width)  «  I  p  sec 
FIGURE  12 
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The  theoretical  photoconductivity  versus  intensity  is  displayed 
on  figure  13  in  a  log-log  graph.  Here  also  the  slope  is  ? 


at  lower  intensities  and  changing  to  unitv  at  higher  intensitie; 


AG 


(?) 


06 


i+  4  LI° 


At  lower  intensities,  LI0  <<  j  AG^ob 

■V  '  J 

At  higher  intensities,  @1LI0>>  1  j  A  oO  X0 
As  we  see,  tne  change  of  slope  from  2  to  1  depends  on  the 
intensity  l0jj3_,  and  L  .  This  also  confirms  the  order  of 
magnitude  of  the  two-photon  absorption  coefficient  /S  (^5  cm/M'rf) 
of  the  two  samples.  The  low  resistivity  sample  is  of  slightly 
lower  thickness  ’L'  and  so  the  change  in  slope  occurs  at  a 
slightly  higher  intensity.  Thus  the  experimental  photoconduc¬ 
tivity  displays  the  two-photon  nature  of  the  excitation. 


In  the  unity  slope  region,  A^oC  I0  ,  the  ratio  of 
the  conductivities  in  this  region  at  a  particular  intensity 
gives  the  mobility  ratio  of  the  two  semiconductors.  The 
mobility  ratio  was  found  to  be  30  .  The  mobility  for  the 
02-doped  GaAs  was  7000  cm2/V-sec.  This  gives  the  mobility 

for  Cr-doped  GaAs  230  cm?/V-sec.  This  value  of  the  mobility 

was  used  for  the  calculation.  Such  a  low  mobility  in  Cr-doped 
GaAs  can  be  explained  by  the  compensated  impurities  in  the 
high  resistivity  crystal  as  observed  by  Cronin  and  Haistyf^ 

In  the  region  of  slope  2  ,  the  conductivity  ratio  is  pronortional 
to  the  thickness  ratio,  £  ratio  and  the  mobility  ratio. 


CALCULATED  TWO  PHOTON 
CONDUCTIVITY 

A  n-TYPE  0*  DOPED  Go As 

(.028  cm  THICK,  fi9  +  >ir  =  7000  cm2/v-sec) 

B  Cr-DOPED  SEMI  INSULATING  GoAs 

(.033cm  THICK,  +  fiT  w  235  cm^/v-sec) 
LIFE  TIME  t  »  t|  (pulse  width)»lpsec 

FIGURE  13  COMPUTED  TWO  PHOTON  CONDUCTIVITY 
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Using  the  mobility  ratio  determined  earlier,  and  the  thickness 
ratio  (  0.028/0.033  ),  the  ratio  of  two-photon  absorption 
coefficients  in  two  different  GaAs  samples  was  found  to  bo 
approximately  unity.  This  gives  a  check  on  the  measured 
A  values  for  the  two  samples.  Since  the  intensity  was  not 

a 

measured  absolutely,  the  magnitudes  of  the  photoconductivity 
could  not  be  compared  exactly. 

] 

Cr-doped  GaAs  crystal  had  a  high  dark  resistance 
(  10  ohms  )  and  so  we  could  measure  the  photoconductivity 

very  accurately  at  hig  er  intensities.  At  high  intensities 
of  light,  the  photoconductivity  curve  showed  a  sub-linear 
dependence  as  shown  in  figure  14  .  If  the  conductivity  is 
due  to  two-photon  absorption  alone,  we  should  observe  a  slope 

i  , 

of  1  at  very  high  intensities  as  shown  by  the  extrapolated 
linear  dependence.  The  observed  conductivity  is  less  than 
the  ideal  extrapolated  curve  of  slope  unity.  The  following 
discussion  proposes  a  possible  mechanism  for  the  sub-linear 

l 

dependence  at  higher  intensities. 

i; 

The  non-linearity  is  definitely  not  due  to  the  surface 

recombination  since  the  excitation  is  due  to  short  pulse  whose 

width  is  much  less  than  the  recombination  times.  Since 

conductivity  is  directly  proportional  to  mobility,  it  was 

first  suspected  that  mobility  may  decrease  at  high  excitation 

levels  because  of  electron-hole  scattering.  This  decrease  in 

mobility  at  high  excitation  levels  in  Si  (  4.2°K  )  was  observed 
- »  £50) 

by  A.A.Patrin  et  al  .  The  following  discussion  rules  out 

4mm 
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EXPERIMENTAL  POINTS 
(PHOTO  CONDUCTIVITY  OF  Cr  DOPED  GaAs) 

—  IDEAL  EXTRA  POLATED  CURVE 


FIGURE  14:  NON-LINEARITY  IN  THE  PHOTO  CONDUCTIVITY  RESPONSE 


this  possibility  in  the  present  experiment 


At  room  temperature,  the  mobility  in  GaAs  is  doterreir; 
by  screened  polar  scattering  and  impurity  scattering^  The 
room  temperature  mobility  was  found  to  be  ?;»0  cm?/vol  t-::ec 
as  shown  in  the  earlier  section.  When  the  crystal  is  exult 
by  high  .intensity  laser  pulses,  the  density  of  nor-eq,;';] 
charge  carriers  increases.  The  contribution  of  rioMl’ty  du 
to  electron-hale  scattering  was  calculated  using  the 
Brooka-lIer*’ing  Formula 

=  X1'1-  e2-  C*T)3/i  (*,«,+  mk)1'1 

[M+b)- 


Vfh  e  re 


B  = 


6  6  (feT)^  yne  vnK 
Tt*z  «*(««+ «'0(YVv»h)' 


1;  electric  no  taut  11.8 
electron  effective  ,.iasn  0.07,0  m 

hole  effective  mass  n  .■;« 

electron  ”pst  mass 
•  1  “C t r on  i c  0  urge 
3ol tsmur n ’  s  cans  tan  t 
^ i’ s 1  u  t e  t •? "  ^  era t e v.? 

PI  ar  e k  ’  s  c 0 1 .  c  i  an  t, /  ? 

71  u  =  carrier  density  (  non-cq  .  i  ].  ib -■ 


At  T  -  300  K  ,  the  computed  mrh!l  ity  fX  at.  high 
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uersiti es  of  the  order  of  10^/cc  gave  a  value  of  in'1 
Mobilities  combine  approximately  as 

—  =  -J—  +  -i_ 


The  normal  mobility  is  low  and  so  will  not  be  affected  h; 
the  electron-hole  scattering  mobility.  Therefore  the  rhstrv 
non-linearity  is  not  due  to  electron-bole  scattering. 


The  second  possibility  may  be  due  to  the  stimulated 
free  carrier  absorption  (  free  electron  absorption  )  ,  The 
free  electron  absorption  in  GaAsHor  a  Riven  concentration 
of  10,7/cc  is  approximately  0.03  cm-1  at  1  micron  wavelength. 
So  the  stimulated  free  carrier  absorption  is  low  and  the 
observed  non-linearity  is  not  due  to  this  process. 


The  intervalley  scattering  of  electrons  to  a  low  mobility 
valley  is  also  ruled  out  since  the  scattering  can  occur  only 
with  the  help  of  a  phonon  and  the  corresponding  cross  section 
must  be  low.  The  system  can  be  considered  as  atwo  level  system 
and  two-photon  saturation  can  be  considered.  But  the  carrier 
concentration  is  very  much  low  compared  to  the  degeneracy 
population  and  so  saturation  of  the  transition  is  ruled  out. 

Another  possibility  is  the  coherent  interaction  of 
picosecond  pulses  with  the  two-photon  absorbing  medium .(54,55) 

Above  a  particular  threshold  intensity,  the  medium  can  exihibit 
self  induced  transparency6!^  because  of  this  the  pulse  propagates 
with  negligible  absorption.  Such  self  induced  transparency 
could  be  observed  only  if  the  dephasing  time  of  the  population 


This  could 


inversion  is  much  longer  than  the  pulse  width. 

happen  only  at  low  temperatures.  Such  a  self  induced 

transparency  in  GaAs  at  77  K  using  Md: glass  laser  pulses 

(57) 

(  of  picoseconds  duration  )  was  observed  recertly.  They 
in  fact  observed  negligible  two-photon  absorption  above  50  Mi,;/ 0;:: 
upto  10  GW/cm2.  However  at  room  temperature,  the  dephasing 
time  is  short  compared  to  the  picosecond  pulse  duration  and 
they  observed  no  self  induced  transparency  but  only  regular 
tv/o-photon  absorption.  Since  our  measurement  is  at  room 
temperature,  we  could  not  explain  tn.is  non-linearity  by  tne 
above  arguments. 

The  more  likely  possibility  is  that  due  to  stimulated 
intra-valence  band  absorption.  For  III-V  semiconductors,  the 
absorption  by  free  holes  can  be  much  larger  than  the  free  electro 
absorption.  This  is  due  to  the  presence  of  transitions 
between  sub— bands  V,  and  of  the  valence  band.  The  intra¬ 
valence  band  absorption  in  GaAs  with  various  p— type  doping 
densities  had  been  extensively  studied  bv  Braunstem  and 
Braunstein  and  Kane?0'*  The  hole  absorption  coefficient  at  1 
for  the  crystal  doped  with  10  /cm  is  about  3  cm  .  This 
absorption  coefficient  is  due  to  the  transitions  between  tne 
light  hole,  heavy  hole  and  split-off  valence  bands  as  siown 
in  figure  1 . 

In  the  present  case,  at  higher  intensities  of  llg.it, 
the  non-equilibrium  charge  carriers  are  produced  proportional 
to  the  light  intensity  and  the  associated  stimulated  absorption 
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by  the  non-equilibrium  holes  should  also  increase  linearly 
with  the  light  intensity.  Referring  to  figure  14  ,  from  the 
non— linear  region,  t*  e  absorption  coefficient  due  to  intra- 
valence  band  transitions  was  calculated  as  follows: 

For  a  particular  value  of  4ft,  the  intensities  I  and  I, 
at  tic  ideal  slope  1  curve  and  the  experimental  curve  are 
determined . 


I,  =.  iD  e 


-(XL 


01  =  b 

L  =  thickness  of  the  crystal. 

d  -  absorption  coefficient  due  to  intraband  absorption 

The  carrier  density  is  proportional  to  I  and  so  is  plotted 
are, ins t  I1  in  figure  15  in  log-log  graph.  Again  at  lower 
intensities,  o(  increases  linearly  with  light  intensity  (  carrier 
density  )  thereby  showing  that  the  non-linearity  in  the 
two-photon  conductivity  is  due  to  stimulated  intra-valence 
band  absorption. 

However  at  very  high  light  intensities,  «:  increases 
rather  slowly.  This  means  that  part  of  trie  light  intensity 
is  being  utilised  in  the  generation  of  non-equilibrium  charge 
carriers  (  contributing  to  conductivity  )  .  The  difference 
in  absorption  coefficient  between  the  linear  dependence  and 
the  sub-linear  one  in  the  oC  versus  I1  graph  (  fi.--.ire  15  )  is 
plotted  against  relative  intensity  IQ  in  a  log-log  graph  in 
figure  16.  The  slope  of  2  in  figure  16  sug  gests  that  t-  ere 
is  a  generation  mechanism  whose  absorption  coefficient  increases 
as  the  square  of  the  lignt  intensity.  According  to  Eq.(2)of 
(  of  chapter  2  )  ,  for  three-photon  absorption  the  absorption 
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FIGURE  15 
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FIGURE  16 
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coefficient  must  be  proportional  to  the  square  of  the  intensity 
of  radiation.  Hence  we  conclude  that  we  have  observed  the 
three-photon  generation  of  carriers  in  GaAs  at  very  high 
intensities  of  light. 

Referring  to  figure  12,  the  maximum  intensity  was 
approximately  determined  to  be  5-10  GWs/cm2  and  the  corresponding 
observed  t>’ree-photon  absorption  coefficient  was  20  cm”1. 

Using  the  formula  derived  in  chapter  2  (  Eq.fc))  for  three-photon 
band  to  band  transitions  in  semiconductors  and  applying  it 
to  GaAs  (  transitions  from  2  to  C  )  ,  we  get  for  5-10  GV//cm2 
of  light  intensity,  a  three— photon  absorption  coefficient  as 
~  /l\  cm  which  agrees  favourably  with  the  experimentally 

observed  values. 

In  conclusion,  we  state  that  we  could  easily  observe 
two-photon  absorption  in  GaAs  with  the  use  of  mode-locked 
pulse  train  for  excitation.  Since  we  can  go  upto  very  high 
intensities,  and  since  the  two-photon  absorption  coefficient 
is  large  (  5  cm/MW  ),  we  see  that  the  two-photon  conductivity 
is  modified  by  thickness,  stimulated  hole  absorption  and 
three-photon  absorption. 
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Measurement  of  Picosecond  Pulse  Width  Using  Two-photon 
Conductivity  In  GaAs; 

The  two-photon  conductivity  in  GaAs  (  Cr-dnpud  h’<;h- 
resistivity  type  )  was  investigated  in  the  earli°^  section 
using  a  Nd:  glass  mode-locked  laser.  As  we  sec  from  i'igure  1? 
the  photoconductivity  shows  a  square  law  dependence  on 
the  intensity  of  laser  light  in  the  lower  intensity  part  of 
the  graph.  Such  a  square  law  could  ,  in  principle,  be 
utilised  to  map  the  second  order  correlation  function  of  the 
intensity  of  the  laser  pulse.  This  will  give  us  a  measure 
of  the  pulse  width. 


The  experimental  arrangement  for  the  measurement  of 
picosecond  pulse  width  using  two-photon  conductivity  in  GaAs 
is  shown  in  figure  17  .  The  mode-locked  pulse  train  from 
a  Ndjglass  laser  was  partially  reflected  by  a  plane  glass 
beam  splitter  onto  an  ITT  photodiode  the  output  of  which  was 
monitored  on  a  519  oscilloscope.  Another  beam  splitter  reflects 
part  of  the  beam  on  a  reference  GaAs  crystal  through  ND  glass 
filters.  The  transmitted  beam  was  attenuated  by  ND  filters 
and  then  split  into  two  equal  components  by  a  50%-50%  dielectric 
beam  splitter.  The  two  beams  were  then  made  to  collide  on 
a  GaAs  crystal  using  two  dielectric  reflectors.  Both  the 
reference  and  signal  GaAs  crystals  were  cleaved  from  a  Cr-doped 
high  resistivity  GaAs  wafer  of  thickness  0.33  mm.  Indium 
solder  was  alloyed  to  the  end  faces  of  the  crystals  and  ohmic 
contacts  were  thus  established .  Both  the  crystals  were 
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FIGURE  17 
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connected  in  series  with  a  1 200_n_  resistor  through  a  ?2 . 5  v  its 
battery.  The  voltage  developed  across  the  resistance  was 
monitored  in  a  dual  beam  oscilloscope. 

The  mode-locked  pulses  were  monitored  on  a  513  scope. 
Almost  80/j  of  the  shots  gave  a  single  neat  pulse  train,  prooabi 
due  to  the  contact  dye  cell  used  in  the  experiment.  First, 
the  slope  two  region  of  the  two  GaAs  samples  were  confirmed. 

The  ND  filters  were  adjusted  to  keep  the  GaAs  samples  well 
inside  the  slope  2  region.  The  photoconductivity  was 
calculated  from  the  voltage  'i3'  across  the  resistor  R  (1200-/O. 


A  Ci  - 


X  — 


V  =  22. 5  volts 


V-tf  "  R 

In  the  slope  two  region,  U  was  of  the  order  of  0.02  volts. 
Since  0«V  ,  A6  is  proportional  to  0  and  so  the  voltage 
measured  on  the  oscilloscope  can  be  taken  as  a  measure  of  the 
two-photon  conductivity  (  TPC  )  .  The  crystal  GaAs  *1  nog ‘to. 
the  photoconductivity  produced  by  toe  overlap  of  the  *  f se 
with  itself  while  the  crystal  GaAs  ft?  monitored  the  photo¬ 
conductivity  due  to  a  single  passage  of  the  short  pulses, 
thereby  providing  the  usual  reference  signal.  The  TIC  prid'lo'” 
was  scanned  by  moving  the  orystal  #1  along  the  direction 
*v,1  to  Hp  a-d  Plotting  the  ratio  of  the  pulse  height  from 
sample  #1  to  that  from  sample  ft?  as  a  function  of  ds stance. 

The  result  is  shown  in  ligure  18.  Ratios  obtained  have  bee 
normal  i  sed  to  unity  in  the  wings  to  conform  wit"  units  f ! 
reference  (38)  where  the  TPC  yield  due  to  a  single  pass  was 
assigned  a  value  of  i .  Only  data  points  fur  which  a  single 
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neat  mode-locked  pulse  train  was  monitored  on  trie  519  scope 
were  plotted  on  the  graph.  Each  data  point  was  an  average 
of  8  to  10  shots. 


The  contrast  ratio  for  two-photon  conductivity  was 
shown  to  be  3  in  chapter  2  .  As  we  see  in  figure  18  ,  we 
get  a  contrast  ratio  of  1.8  only.  This  is  because  of  the 

limited  resolution  of  the  crystal  and  partly  because  of  the 
narrow  slope  two  region  of  the  samples.  The  thickness  of 
the  crystal  is  0.33  mms  and  this  corresponds  to  a  resolution 
of  'M  psecs  (  |  *  y\  ,v\  =  3.4  ,  3  X  1010  cm/sec  ).  The 

half  width  of  trie  curve  approximately  gives  8-10  psecs  for 
the  width  of  the  pulse. 


To  effect  a  comparison  with  the  Two-Photon  Fluorescence 

(  TPF  )  measurement,  the  TP?  contrast  ratio  as  obtained  by 

04,3*0 

Duguay  et  al.  for  a  mode-locked  and  a  free  running  or  a 
Q-switched  laser  is  shown  along  with  our  measurement  in 
figure  19.  As  seen  in  figure  19,  the  experimental  points 
more  or  less  follow  the  TPF  curve  for  a  mode-locked  laser, 
not  that  of  a  free  running  or  Q-switched  laser.  If  we  sample 
and  integrate  Duguay' s  curve  over  4psecs  at  various  points 
of  the  curve,  we  would  expect  the  TPC  or  TPF  curve  with 
approximately  1.8  contrast  ratio.  Normally  an  ideal  TPF 
for  Nd : glass  laser  mode-locked  pulses  exhibits  a  peak  contrast 
ratio  3  and  s  value  of  the  contrast  ratio  2  at  the  shoulder. 
The  s  ioulder  is  broader  compared  to  the  peak  portion.  This 
structure  is  understood  to  have  been  caused  by  a  model  for 
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for  the  picosecond  pulses  in  the  forn  of  a  smooth  Gaussian 
ensemble  (  giving  rise  to  the  broad  shoulder  in  the  correlation 

curve  )  with  fluctuating  substructure  with  a  spectral  content 

. 

of  about  100  cm”'  and  amplitude  fluctuations  in  a  time  scale 
corresponding  to  the  inverse  of  the  oscillating  bandwidth. 

To  we  may  miss  the  narrow  region  from  shoulder  to  peak  when 
we  use  a  crystal  of  limited  resolution. 

Thus  we  show  in  principle  that  the  two-photon  conduc¬ 
tivity  can  be  used  to  measure  the  width  of  the  picosecond 
pulses.  We  measured  the  autocorrelation  of  the  pulse  intensity 

using  two-photon  conductivity  in  GaAs  which  yielded  the  same 

(3S) 

shape  of  the  curve  as  got  by  Duguay  but  with  a  reduced 

ton  .rest  ratio  of  /vl.8  because  of  limited  resolution  of  the 

detector. 
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D.  Two-Photon  Conductivity  in  CdS  c-Se 

CdS  c“Se  c  is  a  II-VI  semiconductor  and  has  a  forbidden 
*5  00 

energy  gap  of  2.0  ev  at  room  temperature.  With  a  Nd: glass 
laser,  the  photon  energy  is  1.17  ev  and  so  it  is  possible  to 
excite  electrons  from  the  valence  band  to  the  conduction  band 
by  simultaneous  absorption  of  two  photons.  Two-photon  induced 

photoconductivity  was  indeed  observed  in  CdS  -Sei  crystals 

(10) 

by  V.S.Dneprovskii  et  al .  using  a  Q-switched  ruby  laser. 

(19) 

M.S.Brodin  et  al.  measured  the  two-photon  absorption  coefficient 
in  CdS  -Se.  for  various  ’  x'  values  using  a  Q-owitched  ruby 

X  I  “X 

las^r.  None  of  these  experiments  was  done  with  Nd: glass 
laser.  The  mode-locked  pulse  train  from  Ndiglass  laser 
consisted  of  shorter  picosecond  pulses  with  higher  peak  intensity 
and  so  should  get  absorbed  in  a  two-photon  process.  The 
photoconductivity  due  to  such  a  process  was  not  studied  before. 

We  saw  in  the  earlier  section  that  G-aAs  had  a  higher  two-photon 
absorption  coefficient  and  so  for  a  given  thickness,  saturation  sets 
in  at  relatively  low  intensities.  We  wer^  limited  with 

a  smaller  square  law  region  and  this  was  part  of  the  reason 
for  the  lower  TPC  contrast  ratio  in  the  picosecond  pulse  width 
measurement.  In  the  case  of  CdS  ^-Se  we  get  a  theoretical 
value  of  B  ~  0.14  cm/MW  (  see  Appendix  3  )  and  since  this 

«v 

value  was  smaller  than  that  of  GaAs  by  approximately  50  times, 
we  expected  a  better  square  law  region,  extending  over  more 
than  two  decades  of  excitation  intensity  which  would  facilitate 
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the  measurement  of  picosecond  pulse  width.  So  we  decided  to 
investigate  the  two-phcton  conductivity  in  CdSc-Se^  using  mode- 
locked  Ndjglass  laser  pulses. 

k  a 

The  particular  crystal  used  in  the  present  experiment  was 
a  single  crystal  high  resistivity  wafer  of  CdS^-Set-  made  by 
Gould  Inc.  The  crystal  had  a  thickness  of  0.23  mms.  A  small 
crystal  of  3  mm  x  1  mm  area  was  chosen  and  ohmic  contacts  were 
made  to  the  end  faces  by  alloying  with  Indium.  The  experimental 
arrangement  for  the  measurement  of  photoconductivity  was  the  same 
as  before  (  figure  6  ) .  The  mode-locked  pulse  train  consisted 
of  picosecond  pulses  {  5-9  psecs  wide  )  spaced  at  4.5  nsecs  over 
300  -600  nsecs.  The  intensity  incident  on  the  crystal  was  varied 
using  calibrated  ND  glass  filters .  The  photoconductivity  was 
estimated  as  before  from  the  change  in  voltage  »v'  across  a 
resistance  'R'  (  127  ft  )  which  was  connected  in  series  with  the 
sample  to  a  battery  'V’,  using  the  relation 

jj  =  <y7  y)*R 

In  fiSure  20  *  we  see  the  oscilloscope  traces  of  photovoltage  *v' 
and  laser  intensity  from  a  photo  diode.  Figure  20  (a)  shows  the 
traces  in  the  dual  beam  oscilloscope.  One  can  see  the  photo 
voltage  following  the  mode-locked  laser  pulse  train.  This  is 
confirmed  by  the  other  two  traces  (b)  and  (c).  So  the  photo¬ 
conductivity  responded  to  the  individual  pulses  in  the  mode-locked 
pulse  train.  We  could  only  see  the  slight  wiggling  in  the  photo 
signal  and  this  was  partly  due  to  the  slow  response  of  the  detector 
circuit.  So  the  photo  voltage  peak  corresponded  to  the  peak  of 

» t* 

the  laser  pulse  in  the  dual  beam  scope. 


The  photoconductivity  AG  In  r.illinhos  versus  relative  laser 
intensity  in  shown  in  figure  21.  A  least  square  fit  was  made 
and  the  slope  was  found  to  be  2.2.  This  indicated  a  power  lav/ 

°f<l  If  •  characteristic  of  a  two-photon  process.  We  estimated 
the  two-photon  absorption  coefficient  from  the  measured 
photoconductivity.  The  two-photon  conductivity  for  a  transient 
process  con  be  written  as  (  see  chapter  2  ,  Eq.(C\  )  ), 

AGitJ>=  “V  O'*,.  +  )  J-i-  A  *- 

c  -?*u’  i+^r0L 

(.2)  p 

When  02IoL«l,  we  get  AG  I0  .  This  eXDlains  the  square  law 

oboervei  in  the  experiment.  To  estimate  8  ,  we  had  to  know  the 

peak  intensity  of  the  pulse  IQ  ,  the  pulse  width  t± ,  the  mobility 

and  the  geometric  factor'a/c'.  a/c  was  1  in  the  present 

experiment.  Since  the  crystals  were  of  compensated  high  resistivit 

type,  the  mobility  could  not  be  measured  accurately  by  the 

manufacturer  and  so  the  mean  mobility  in  CdS  and  CdSc-Se  of 
2  C 6Z)  .5.5 

400  cm  /v-sec  was  assumed.  We  measured  the  total  energy  of 

the  laser  pulse  train  by  a  calorimeter.  The  TPF  photograph 

using  1 0  molar  solution  of  Rhodamine  6G  in  ethanol  gave  a  value 

of  tj~  5  psecs  without  measuring  contrast  ratio.  From  the  pulse 

width  and  the  energy  of  the  peak  pulse,  the  peak  intensity  I0was 

determined.  The  thickness  of  the  crystal  'L'  was  0.023  cm. 

p  m\ 

Approximately  0.3  GW/cm  corresponded  to  a  value  of  milli- 

(2) 

From  the  expression  for  AG  ,  8  I0  was  estimated  to  be 

At 


mhos . 
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20  cm  *  .  For  Ifl  «  3  *0  MW/cr,c  .  p  was  found  to  be  .07  crn/KW. 

C»W 

When  we  reduce  the  value  of  Drodin's  measurement  for  Nl:piaes 

laser,  they  get  a  value  of  0. 15  cn/Mw  for  CdS  ,-Cc^  .  The 

theoretical  calculation  for  a  single  valence  band  to  conduction 

was  found  to  give  (  see  appendix  3  )  0.  4  cr/KW.  Our  experiaen- 

tal  value  thu3  agrees  in  order  of  magnitude  with  the  theoretical 

(it) 

value  and  the  one  measured  by  Brodin  ct  al. 

A  similar  square  law  dependence  could  be  obtained  if 
second  harmonic  of  the  Kdrglass  laser  was  generated  in  non-phase 
matched  CdS^-Se,.  and  subsequently  absorbed  by  single-photon 
absorption.  We  could  calculate  the  absorption  coefficient 
0 2o)  in  Cn/Mw  f°r  such  a  process.  The  conversion  efficiency  for 
second  harmonic  generation  is  given  by  (  see  Eq.(i)  or  the  same 
chapter  ) 
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For  I0-  100  MW/ cmr  ,  y  ~  10"7,  I.  p  10“Wcm2. 


5  -l 

a2aj  =  10^  cm  ;  From  this  we  find  P2a)  ~ 

Uiis  value  is  negligible  compared  to  the  two-photon  absorption 
coefficient  observed  in  our  experiment. 

So  in  conclusion,  we  state  that  we  observed  two-photon 

conductivity  in  CdS^-Se,.  using  mode-locked  Ndrglass  laser  pulses 

•  o  •  o 

and  found  that  the  photoconductivity  exhibited  a  square  law 
dependence  on  intensity  over  a  much  wider  range  than  in  GaAs . 

The  magnitude  of  the  twophoton  absorption,  coefficient  agreed 
favourably  with  the  theoretical  and  other  experimental  values. 
Measurement  of  picosecond  pulse  width  using  this  square  law 
region  of  CdS^-Ser  is  described  in  the  next  section. 

•  v  •  "3 
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E.  Measurement  of  Picosecond  Pulse  Width  Using  CdSc-Se_: 

') 

———————— — — - -  -  -  ^ -* 


In  section  D  ,  we  saw  that  the  photoconductivity  of 

CdS^-Se^  when  excited  by  mode-locked  Ndiglass  laser  pulses, 

CD  u 

showed  a  power  law  A(n  .  Such  a  square  law  could  be  used 
to  measure  the  second  order  intensity  correlation  function  of 
the  picosecond  pulses  and  hence  estimate  the  pulse  width. 

The  experimental  arrangement  was  similar  to  figure  17 
where  we  used  CdS^-Se,-  samples  instead  of  GaAs .  The  TPC 
pattern  was  3cannc 1  by  moving  the  crystal #  I  a]  ng  the  direction 
I'.j  to  M  and  dotting  the  ratio  o  '  >ulse  height  t'ror.  samole  //I 

to  that  from  sample  #2. as  a  function  of  distance.  Here  also 
~  -5  ;  Sir.ce'tf'was  much  smaller  than  V.  the 

change  in  voltage  across  R  was  taken  to  be  a  measure  of  photo¬ 
conductivity.  The  TPC  ratio  at  the  wings  was  normalised  to 
unity.  The  TPC  ratio  as  a  function  of  distance  moved  is  shown 
in  figure  22(a).  Here  the  contrast  ratio  is  /v  2.4  .  Comparing 

the  results  we  obtained  with  GaAs,  we  see  that  ^dS^-Se,.  gives 

O  .5 

a  better  contrast  ratio.  This  was  partly  because  of  the 
improved  resolution  2  psecs  )  of  the  detector  and  partly  due 
to  a  very  wide  square  law  region.  The  half  width  of  the  TPC 
curve  gives  8-10  psecs  for  the  width  of  the  pulse. 

Figure  22(b)  represents  the  above  TPC  curve  along  with 

(3?) 

Duguay's  TPF  pattern  when  integrated  over  a  2  psecs  detector. 

We  see  that  the  general  pattern  of  the  TPC  curve  agrees  with 
Duguay's  curve  except  we  get  a  slightly  broacer  base.  This 
may  be  due  to  a  broadened  pulse  in  our  laser. 


FIGURE  22  a 


FIGURE  22  b 
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In  conclusion,  wc  state  that  two-photon  conductivity 
can  be  used  to  measure  the  picosecond  pulse  width.  Since 
CdSr-Sej-  exhibited  a  smaller  absorption  coefficient  than  GaAs  . 
and  consequently  had  a  better  square  law  region  of  conductivity, 
Cd3  -Se~  proved  to  be  a  better  two-photon  semiconductor  for  the 

•  J  •  J 

measurement  of  secord  order  intensity  correlations  of  the 
picosecond  pulses. 


*ar 


F .  Throe-Photon  Conductivity  in  CdS: 

CdS  is  a  II-VI  semiconductor  with  a  forbidden  energy 
(<>Z) 

gap  of  2.42  ev  at  room  temperature.  With  a  Nd:  :2ass  laser 

of  photon  energy  1.17  ev,  it  is  possible  to  measure  three  photon 

.  (22) 
absorption.  B.H. Ashkinadze  et  al.  detected  the  luminescence 

emitted  by  CdS  at  77  K  after  three-photon  absorption  of  a 

Q-switched  Nd:glass  laser.  They  observed  the  luminescence 

when  the  excitation  intensity  was  varied  between  20  and 

p 

100  MW/ cm  .  Since  they  were  using  a  Q-switched  laser,  t  ey 
had  to  focus  it  to  get  higher  intensities  to  observe  this 
third  order  process.  With  the  availability  of  mode-locked 
Nd: glass  lasers,  it  is  possible  to  produce  upto  a  few  GW/cm^ 
without  focussing.  Further  because  of  the  high  peak  power, 
the  higher  order  absorption  processes  could  be  easily  observed 
in  the  case  of  picosecond  pulse  excitation.  Another  advantage 
of  using  picosecond  pulses  for  the  investigation  of  higher 
order  non-linear  optical  effects  is  to  raise  the  damage 
threshold  because  of  the  short  time  duration  of  the  pulses. 

In  the  present  section,  we  present  an  investigation  of  the 
three-photon  conductivity  in  polycrystalline  and  single  crystal 
CdS  at  room  temperature  using  a  mode-locked  Nd:glass  laser. 

The  polycrystalline  CdS  was  a  commercially  available 
photoconductive  cell  (  CL  902  type  2  CdS  )  made  by  the  Clairex 
Corporation.  The  cell  has  a  spectral  peak  at  5150° A  (  2.42  ev) 
The  single  crystal  CdS  is  of  high  resitivity  type  made  by 


5°Uld  Inc  •  Both  th0  aanPl«3  were  alloyed  with  Indium  at 
t  c  end  faceo  w  Ich  served  ns  oh  tc  contacts.  both  t  c 

sa-.nleo  had  a  dark  resistance  of  well  over  several  ne  v~s. 

•v'e  enclosed  t  e  samples  in  a  box  and  cat  off  the  11  ;ht  fron 
t  o  flash  la  tip  and  other  sources  unin-  optical  filters  w  ich 
cut  off  li-ht  other  than  1.06  .-Heron  laser  bean.  This  protec. 
tuon  of  shielding  the  sanple  from  stray  light  was  necessary 
since  the  CdS  is  sensitive  to  ordir.ar  11,, hi.  The  CdS 

photoconductive  sanple  was  connected  to  a  22.5  volts  battery 
throush  a  127-h.  resistor.  The  volta,;e  across  this  resistance 
was  onitored  and  measured  on  a  dual  hear,  scope  alon  with 
t.ae  laser  pulse  fren  an  ITT  photo  diode.  The  node-loc):lnr 
Of  the  pulses  was  monitored  on  a  519  oscilloscope. 

We  used  the  sane  laser  system  as  before.  The  output 

Of  the  laser  consisted  of  a  train  of  eq  ally  spaced  picosecond 

•ulses  senarated  by  a,  4.5  nsecs,  w' ich  was  equal  to  t  e  cavity 

round  trip  time.  The  pulse  train  lasted  for  200  -  300  nsecs. 

Tne  intensity  of  the  beam  was  varied  by  insertin,;;  calibrated 

.ID  filters.  The  chan,;e  in  conductivity  40  was  computed  as 
before  using 


AG  = 


0 


(  V-  19)  p 

Since  the  electron  life  tine  and  other  recombination  times 
are  long  compared  to  the  excitation  pulses,  we  are  in  fact 
measuring  the  integrated  transient  photoconductivity  from  the 
change  in  voltage.  Both  the  laser  pulse  and  t  e  photoeondue- 
tivity  were  displayed  on  the  dual  bear, 


scope  v/ith  the  same 


resolution.  So  the  photoconductivity  pea*,  cor  esponded 
approximately  to  the  pea.  of  the  laser  pulse. 

The  photoconductivi ty  in  willinhos  versus  li  t 
intensity  is  o  hown  in  fi  -urcs  23  and  24  for  t  c  po-* ycr  rtalline 
and  nir-lc  cr  stal  CdS  respectively.  A  leant  square  fit 

was  nade  and  t- e  slope  wan  found  to  be  3  ±.  0.2  in  both  t  »e 
cases.  This  indicated  a  power  law  of  <v  1^  ,  characteristic 
of  o  three-photon  process. 


The  cr.eration  of  non-cquilibriun  carriers  coild  be 
due  to  an  absorption  of  a  second  harmonic  generated  in  a 
ron-phaoc  matched  CdS.  Since  the  second  harmonic  i3  of  5300® A, 
it  will  be  absorbed  only  as  a  result  of  a  two-photon  process. 
Hence  the  photoconductivity  due  to  such  a  process  is  of  fourth 
order  and  will  be  very  weak  compared  to  a  three  photon  process. 
Therefore  the  observed  photoconductivity  is  due  to  a  t  reo- 
photon  absorption  in  CdS. 

We  made  an  order  of  magnitude  estiuatc  of  the  t  roe- 
photon  absorption  coefficient  from  the  icasttred  p'  otoconductivity . 
The  three-photon  conductivity  &  can  bo  written  as  (  see 

Eq.  ( 10)  of  chapter  2  ) 
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Vihen  ^B  lpL«1  i  we  tqct  o<u  I  ’  .  This  explains  t  o  cubic 

law  observed  in  the  experiment.  To  make  a  quantitative  estimate 


of  the  three-photon  absorption  coefficient,  we  c .ould  include 
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the  integration  factor  in  the  photoconductivity  expression. 

We  multiply  the  above  expression  by  the  average  nunber  of 

pulses  ’N'  that  take  part  effectively  in  contributing  to  the 

conductivity.  The  pulses  towards  the  end  of  the  train 

contribute  negligibly  towards  the  conductivity  compared  to  the 

midair,  portion  of  the  pulse  train.  'N'was  approximately  taken 

as  10  .  In  addition,  we  had  to  know  the  peak  intensity  of 

the  p\l3e  I0,  the  pu'i se  Aidtb  the  mobility  and  the  geometric 

factor  a/c  .  a/c  was  2.0  in  the  present  experiment.  Since 

*..s  crystals  were  of  'tnpensated  high  resistivity  type,  the 

mobility  coula  not  he  .n-usured  accurately  by  the  manufacturer 

2  05/ 

and  so  the  normal  motility  of  TOO  cm  /v-sec  was  assumed. 

We  measured  the  to+al  energy  of  the  beam  by  a  calibrated 
therr  c  tie  detector.  Under  similar  conditions,  the  TPF  pattern 
was  photographed  and  this  gave  a  value  of  5-9  psecs  for  the 
pulse  width.  From  the  pulse  width  (iv9  psecs  )  and  the  energy 
per  pulse,  the  peak  intensity  I0was  determined. 

p 

In  the  case  of  polycrystalline  CdS,  0.5  GW/cm  gave  a 
n, 

value  of &G  30.8  millimhos.  The  thickness  of  the  crystal  was 

measured  with  a  microscope  and  was  found  to  be  0.2  nms  . 

From  the  expr  teion  for  AG^,  /B^I^was  estimated  to  be  0.01  c  .~'. 

Tnia  corresponds  to  B  n  0.04  cm^/GW2. 

3 

For  single  crystal  CdS  ,  0.66  GW/cm2  gave  milli- 

mhoe.  The  thickness  of  the  crystal  was  0.28  nuns.  was 

found  to  be  0.013  cm^/GW2.  The  theoretical  estimation 
for  CdS  ie  shown  in  appendix  5  and  we  get  a  value  of  0.2  cm?GW2. 
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Azkinadze  et  al.  reported  a  value  of  2.5  cm'/GW'  for  £  .  Their 

experiment  was  done  with  a  Q-switched  laser  beam  and  their 

intensity  dependence  of  recombination  radiation  was 
a  b) 

Arsenev  et  al.  estimated  using  mode-locked  pulses  and  they  got 
a  value  of  0.02  cm  /GW  .  Our  experimental  arrangement  was 
similar  to  Arsenev1 s  and  so  the  order  of  magnitude  agreement  with 
the  calculated  value  and  Arsenev 's  experimental  value  gives 
one  more  evidence  to  the  three-photon  generation  process  in  CdS . 
Table  p  |  gives  the  comparison  of  the  different  values  of  p3. 

The  lower  values  got  in  the  present  experiment  may  be  attributed 
to  the  uncertainty  in  the  incident  intensity,  higher  value  of 
mobility  used  in  the  calculation  and  partly  due  to  the  inhomo¬ 
geneity  of  the  beam  distribution. 


CdS  is  an  anisotropic  semiconductor  and  so  the  effective 

masses  are  different  in  different  directions.  Recently,  Jick 
(21) 

H.Yee  has  calculated  the  variation  of  the  three-photon  absorption 

coefficient  with  direction.  The  variation  of  the  value  of 

was  less  than  20$.  In  our  experiment,  we  used  a  crystal  of 

random  orientation  and  general  polarisation  of  the  laser  beam 

and  so  our  experiment  was  rather  insensitive  to  detect  these 

changes  as  proposed  by  Jick  H.Yee.  More  controlled  experiments 

taking  into  account  the  crystal  orientation  and  laser  beam 

polarisation  had  to  be  done  to  verify  the  predictions  made  by 
(27/ 

Jick  H.Yee. 

(22)  o  h 

B.M.Ashkinadze  et  al.  observed  a  power  law  of  IJ,’ H  in 
their  experimental  investigation  of  the  recombination  radiation 


Table  1 


ft  in  cm^/GV/^ 
►  ^ 


Czi] 

calculated  value 

0.2 

Azkinadze 

2.5 

.  tzzj 

Arsenev 

0.02 

Polycrystal 

0.04- 

present 

single  crystal 

0.015- 

^experiment 

of  the  5200* A  band  from  CdS  at  77°  K  after  three-photon  absor-'t'  >. 

of  Q-switched  Nd: glass  radiation.  Since  they  conducted  the 

0 

experiment  at  77  K,  they  observed  a  Large  number  of  excitons. 

The  excitons  formed  another  recombination  channel.  They  expiainc- 
2  6 

a  cower  law  of  1^  in  the  case  of  luminescence  of  CdS  with 

a  v 

two-photon  excitation  by  assuming  two  recombination  channels  and 

the  pumping  of  carriers  from  one  recombination  channel  tc  another. 

3  U 

The  power  law  of  I  *  could  be  similarly  explained.  In  the 

photoconductivity  experiment  at  room  temperature,  B.M.Ashkinadze 

(*) 

et  al.  excited  the  CdS  crystal  with  a  Q-switched  ruby  laser  and 

c 

observed  an  intensity  dependence  of  I'.  This  could  be  explained 
as  follows  There  are  very  little  excitons  formed  at  room 
temperature  and  further  excitons  do  not  contribute  to  photo¬ 
conductivity.  Since  the  photoconductivity  was  a  trans:ent 
one,  a  measurement  of  photoconductivity  corresponded  tc  a 
measurement  of  the  generated  charge  carriers  which  de; ended  only 
on  the  timewidth  of  the  pulse  and  the  intensity.  The  rv-esent 
experiment  is  similar  to  their  experiment  except  we  are  measuring 
the  three-photon  conductivity  using  mode-locked  pulse  train. 
Extrapolating  the  above  arguments,  the  slope  of  3.1  +  .?  in 
the  log-log  plot  of  versus  I  in  both  the  crystals  could  be 
Justified. 

Figure  25  shows  the  oscilloscope  display  of  laser  pulse 
against  the  photoconductivity  signal  for  both  the  crystals.  in 
both  the  samples,  the  trap  limited  decay  times  are  greater  than 
the  length  of  the  laser  pulse  train.  In  the  single  crystal  CdS, 


nn 


we  observed  three  different  time  constants  in  qualitative 
agreement  with  the  observations  made  by  Nicholas  and  Woods'!* 

In  the  three-photon  conductivity  using  ultra  short  pulses,  the 
rise  time  is  determined  by  the  pulse  train.  The  individual 
ou .sc'  are  of  picosecond  duration  and  the  photoconductivity  due 
v'°  excitations  arc  somewhat  integrated  since  the  free  elctr  n 

recombination  time  is  of  the  order  of  20  -  3)  nsecs'f^  So  the 
peak  of  the  pulse  occurs  near  the  end  of  the  laser  pulse. 

After  the  enJ  of  the  laser  Pulse,  the  decay  time  is  modified  by 
the  kinetics  of  trans  in  Cd3 . 

<6U) 

Nicholas  an i  Woods  studied  the  steady  state  photoconductivity 
in  single  crysta  Cdo  and  they  found,  when  suddenly  storming 

the  exciting  source,  that  the  decay  process  consisted  of  three 
distinct  parts: 

I.  Initial  fast  decay  associated  with  free  electron  recombination 
occurred . 

2<  Then  an  intermediate  region  existed  where  electrons  started 
t<-  be  released  from  traps  and 

finally,  decay  associated  with  emptying  of  trapping  leveis 
very  close  to  the  equilibrium  Fermi  level  occurred. 


In  the  ^resent  experiment,  we  measured  the  transient 
photoconductivity  and  we  have  to  take  into  account  the  trap 
filling  before  trap-limited  recombination  occurs.  The  fast 
free  electron  recombination  process  could  be  explained  in  the 
integration  of  photoconductivity  signal. 


The  electrons  in  the 


conduction  band  come  to  equilibrium  with  the  traps  and  the 
decay  thereafter  is  trap  controlled.  As  we  see  in  figure 
the  200  -  3'0  nsecs  (  time  constant  )  decay  immediately  after 
the  end  of  the  pulse  is  due  to  the  trap  filling  and  the  free 
electron  recombination  and  afterwards  the  whole  decay  is  trap 
controlled  and  we  can  see  the  intermediate  region  associated  with 
the  electrons  emptying  from  the  traps.  The  dark  conductivity 
of  several  megohms  regained  its  value  only  after  two  to  three 
minutes  interval  from  the  laser  pulse,  which  could  be  observed 
on  a  vclt-ohm-meter .  For  this  reason,  the  experiments  with 
the  single  crystal  were  conducted  with  successive  laser  shots 
at  intervals  of  two  minutes  or  more. 

In  the  case  of  polycrystalline  material,  we  did  not 
observe  the  very  slow  decay,  instead  the  dark  conductivity 
regained  its  value  in  a  couple  of  seconds.  The  free  electron 
recombination  tim*3  of  several  nanoseconds  explains  the  integration 
of  the  signal.  We  barely  observe  the  trap  filling  process. 

This  confirms  the  absence  of  very  slow  decay  in  the  case  of 
polycrystalline  CdS  which  can  be  explained  by  invoking  lov; 
trap  densities  compared  to  single  crystal  CdS.  That  is  why 
the  trap  controlled  recombination  sets  in  earlier.  J.S.Skarman  y 
studied  extensively  on  the  relationship  between  photo  current 
decay  time  and  trap  distribution  in  CdS  and  found  that  the 
polycrystalline  CdS  contained  less  traps  compared  to  single 
crystal  CdS  and  as  a  result  the  photoconductivity  ’ecay  time 
was  shorter  in  the  case  of  polycrystal  CdS  compared  to  single 
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crystal  CdS . 

In  conclusion,  we  observed  the  three-photon  conductivity 
in  CdS  at  room  temperature  using  mode-locked  Hd:glass  laser 
nuloes.  Third  order  processes  like  this  could  be  observed 
easily  with  the  use  of  picosecond  pulses  because  of  higher  pea 
intensity.  When  Q-switched  pulses  of  the  same  envelope  density 
as  that  of  the  mode-locked  pulse  train  were  used  to  excite  the 
CdS  crystal,  no  observable  signal  was  detected.  This  indicates 
the  advantages  of  using  picosecond  pulses  in  the  investigation 
of  rnuti-photon  absorption  processes  in  semiconductors.  The 
three-photon  conductivity  in  CdS  exhibited  a  power  .law  dependence 
on  excitation  intensity  as  I  "  '  .  Such  cubic  power  laws  could 
be  used  to  measure  the  third  order  intensity  correlations  or  the 
picosecond  pulses.  The  use  of  three-photon  conductivity  in 
Picosecond  pulse  width  measurement  is  demonstrated  in  the  next 
section . 


*  m 


T 


G.  Picosecond  Pul3e  Width  Measurement  Using  Three -Photon 
Conductivity  In  CdS: 


In  the  last  section,  we  saw  that  the  photoconductivity 
of  CdS  w Ir-n  excited  by  mode-locked  Ndrglass  laser  pulses  showed 
a  power  law  AG'~^o6  1^  Such  a  cubic  law  cruld  be  used  to 
rnsaa  r.  the  intercity  a\  tocorrelation  function  in  third  order 
o  t"  picosecond  oulses . 


/-e  used  two  identical  single  crystalline  CdS  samples 
for  t'  .3  measurement.  The  experimental  set  up  was  something 
s  .ni,  i  to  iguce  17  whe  we  used  CdS  samples  instead  of  GaAs. 

The  sample  #  I  monitored  the  photoconductivity  produced  by  the 
overlap  of  the  pulse  with  itself  while  CdS  #2  monitored  the  three- 
photon  conductivity  due  to  a  single  passage  of  the  short  pulses, 
thereby  providing  the  usual  reference  signal.  The  three-photon 
conductivity  (  3PC)  nattem  was  scanned  by  moving  the  crystal  #i 
along  the  direction  M(  to  M,,  and  plotting  the  ratio  of  the  pulse 
height  from  sample  =#  i  to  that  from  sample  #2  as  a  function  of 
distance.  Here  also  <!(«*  =  ° ~r0  >  SinceVwas  much  smaller 

cv- 

than  V  ,  the  change  in  voltage  across  R  was  taken  to  be  a  measure 
of  photoconductivity.  The  3PC  ratio  at  the  wings  was  normalised 
to  unity.  The  3PC  ratio  as  a  function  of  distance  moved  is 
shown  in  figure  26. 


The  contrast  ratio  for  3PC  measurement  was  shown  to  be  10 
in  chapter  2  .  As  we  see  in  figure  26,  we  get  a  contrast  ratio 
of  3.2  only.  This  is  because  of  the  limited  resolution  of  the 
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crystal.  The  thickness  of  the  crystal  was  0.28  mms  and  this 
corresponded  to  a  resolution  of  ^3  psecs.  The  half  width  of 
the  curve  approximately  gives  10  psecs  for  the  width  of  the 
pulse . 

Eckardt  and  Lee  measured  the  same  autocorrelation  function 
of  the  picosecond  pulses  using  third  harmonic  generation.  They 
utilised  the  unique  polarisation  properties  of  optical  third 
harmonic  generation  in  a  phase  matched  dye  solution.  Consequently 
their  method  eliminated  the  background.  Their  signal  ratio  was 
direc-cly  proportional  to  G3^).  Because  of  the  limited  resolution 
of  our  detector,  we  missed  the  spike  on  the  correlation  curve 
observed  by  them.  P.M.Rentzepis  et  al^measured  the  three-photon 
fluorescence  (  3PF)  pattern  using  BBOT  and  Dimethyl  Popop  xn 
methyl  cyclohexane  and  they  obtained  a  contrast  ratio  ofo>9. 

We  got  a  contrast  ratio  of  3.2  and  this  was  because  of  the 
finite  resolution  of  the  crystal.  Thinner  crystals  with  resolu¬ 
tion  of  the  order  of  0,1  psec  should  be  used  to  get  a  better  map 
of  the  third  order  correlation  function. 

Apart  from  the  limitation  in  resolution,  we  show  in 
principle  that  the  three-photon  conductivity  effect  can  be  used 
to  measure  the  width  of  the  picosecond  pulses.  We  measured  the 
autocorrelation  function  of  the  pulse  intensity  in  third  order 
using  CdS  which  yielded  the  same  form  of  the  curve  as  got  by 
Eckardt  and  Lee  but  with  a  reduced  contrast  ratio  of  ^>3.2 
because  of  limited  resolution  of  the  detector. 
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Hence,  in  effect,  the  multi-photon  conductivity  in 
semiconductors  could  be  used  to  measure  picosecond  pulse  width. 
Construction  of  an  electronic  multilayered  thin  film  semiconductor 
detector  seemed  to  be  possible  in  the 


near  future. 
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Chapter  _ 
Conclusion 


The  two-photon  conductivity  in  GoAs  and  CdS, -Se,  and 

•  J  •  0 

the  three-photon  conductivity  in  CdS  were  investigated  with 

•i-switc  ied  and  mode-locked  Nd ‘.glass  laser  pulses  and  these 

effects  were  subsequently  utilised  to  measure  the  second  and 

third  order  intensity  auto  correlation  function  of  the  picosecond 

pulses.  In  the  Q-switched  pulse  excitation,  photoconductivity 

of  0^ -doped  GaAs  was  measured  in  the  intensity  range  0.C1  to 

1  MW/cm  .  In  the  low  intensity  region  below  1  MW/cm2,  single 

photon  process  was  dominant  and  uhe  slope  of  the  log  AG  -  log  I 

line  was  ^  0.6  which  could  be  understood  by  a  continuous 

distribution  of  levels  in  the  forbidden  gap  as  proposed  by 
(45)  p 

A. Rose  .  Above  1  MW/cm£ ,  the  two-photon  process  dominated  and 

the  observed  two-photon  conductivity  was  in  agreement  with  Jick 
U9) 

Yee's  theoretical  calculations  (  slopes  15*1.8  ).  Mode-locked 

excitation  of  the  photoconductivity  displayed  the  two-photon 

nature  over  a  wide  range  of  intensities  because  of  the  short 

pulse  excitation  (  picosecond  pulses  )  with  a  higher  intensity. 

The  photoconductivity  curve  in  the  case  of  both  0,  -doped  GaAs 

and  Cr-doped  semi-insulating  GaAs  displayed  a  slope  of  2  at  lower 

intensities  changing  to  unity  slope  at  higher  intensities. 

This  slope  change  was  expected  since  AG*ALit;  at  lower  intensities. 
0  2.  '♦*!.*- 
AG  ^10L  since  ^I„L  «l  and  at  higher  intensities, 


£G<*I0  since  ^IQL»1  At  very  high  intensities,  the 

photoconductivity  curve  displayed  a  sub -linear  region  which 

was  proved  to  be  due  to  stimulated  intra-band  absorption  of 

holes  in  GaAs .  The  magnitude  of  the  absorption  coefficient 

varied  from  10  -  30  cm“^,  linearly  with  the  intensity.  This 

agreed  approximately  with  the  values  reported  in  the  references. 

The  effect  of  stimulated  intra-band  (  valence  )  absorption  on 

two-photon  conductivity  in  InSb  at  90°  K  using  a  Q-switched  CO^ 

po) 

laser  was  studied  by  A.M.Danishevskii  et  al.  Towards  the  end 
of  the  hign  intensity  region,  absorption  which  led  to  the 
generation  of  carriers  was  observed.  This  absorption  coefficient 
was  found  to  be  proportional  to  the  square  of  the  light  intensity 
indicating  the  generation  of  non-equilibrium  electron-hole  pairs 
in  GaAs  due  to  three-photon  absorption.  The  calculated  three- 
photon  absorption  coefficient  agreed  approximately  with  the 
experimentally  observed  values. 

Two-ohoton  conductivity  in  CdSc-Se,-  with  the  use  of  mode- 

O  •  D 

locked  Nd:glass  laser  pulses  was  found  to  exhibit  a  square  law 
over  a  more  dynamic  range  of  the  incident  laser  intensity.  The 
two-photon  absorption  coefficient  estimated  from  the  measured 
photoconductivity  (  0.07  cm/MW  )  agreed  well  within  an  order  of 
magnitude  with  the  theoretically  computed  values.  The  extended 
square  law  region  in  the  case  of  CdS^-Se.  was  consistent  with 

the  lower  value  of  3  got  from  our  measurement. 

z 

Finally,  we  conclude  that  two-photon  conductivity  in 

p 

semiconductors  need  not  necessarily  depend  on  I  as  discussed 
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by  Jick  H.Yee  and  by  Paul  Kelly  et  al..  Because  of  absorption 
of  xaser  beam  in  a  finite  thickness  of  the  sample  and  surface 
recombination,  this  dependence  is  modified.  Picosecond  pulse 
excitation  in  the  present  experiment  excluded  surface  recombi¬ 
nation  and  because  of  absorption  of  laser  beam  in  the  sample 
(OaAs),  the  two-photon  conductivity  was  found  to  be  proportional 
the  first  povrer  of  intensity  at  higher  intensities.  This  was 

not  observed  in  the  case  of  CdS5-Se5  because  even  at 

the  highest  intensity.  Near  to  damage  threshold,  in  GaAs, 
stimulated  intra-band  absorption  and  higher  order  processes 
modify  the  exponent  in  the  present  experiment.  So  care  must  be 
exercised  in  detecting  two-photon  absorption  in  semiconductors. 


The  square  law  regions  in  the  AG  -  I  curves  of  GaAs 
and  CdS-Se  were  th  n  used  to  measure  the  second  order  Intensity 
auto  correlation  of  the  picosecond  pulses.  The  photoconductivity 
yield  gave  contrast  ratios  of  'vl.tt  and  2.4  forGaAs  and  CdS-Se 
respectively  ).  The  half  width  of  the  correlation  curve  gave 
a  value  of  8  -  lo  psecs  for  the  pulse  width  in  both  the  cases. 

The  higher  contrast  ratio  we  got  when  we  used  CdS-Se  was  evident 
from  the  difference  in  resolution  (  4  psecs  for  GaAs  and  2  psecs 
for  CdS-Se  )  and  also  from  the  extended  square  law  region  of  CdS-Sq. 
which  facilitated  the  measurement  of  second  order  correlation. 

I 


Ue  measure}  the  three-ohoton  conductivity  in  CdS 
]"  temperature  us->ng  a  mode-locked  Nd :glass  laser  and  the 

I 

T 


at  room 

three-photcn 


conductivity  depended  on  excitation  intensity  as  j3.0±0.2 
An  order  of  magnitude  estimate  of  the  three-photon  absorption 
coefficient  was  found  to  be  in  fair  agreement  with  the  theoretically 
calculated  values.  Third  ^rder  processes  like  this  could  be 
east.  observed  with  tne  use  of  picosecond  pulses  because  of 
oigher  ptal:  .ntensity.  When  Q-switched  pulses  of  the  same 
env  density  as  that  of  the  mode-locked  pulse  train  were 

'’sed  •<  excite  the  CdS  rystal  no  detectable  signal  was  observed. 

is  .’tdicates  the  advantage  of  using  picosecond  pulses  in  the 
investigation  of  multi -photon  processes  in  condensed  media. 

The  cubic  law  of  oh  three -photon  conductivity  in  CdS 
was  used  to  measure  the  auto  correlation  of  the  pulse  intensity 
in  third  order.  The  3PC  yield  gave  a  contrast  ratio  of  o/  3.2 
and  a  pulse  width  of  9  -  12  psecs .  This  lower  contrast  ratio 
(  compared  to  an  ideal  value  of  10  )  was  partly  because  of  the 
limited  resolution  (  3  psecs  )  of  the  CdS  sample  used  in  the 
ex  perl  mer.t . 

In  conclusion,  we  state  that  the  multi-photon  conductivity 
in  semiconductors  could  be  studied  with  great  ease  with  the  use 
of  mode-lcckei  Nd : glass  lasers.  Such  an  independent  investiga¬ 
tion  of  these  isolated  fast  optical  non-linearities  is  usefu1 

in  understanding  the  dynamics  of  light  fila„ents  where  all 

IX) 

higher  order  optical  non-linearities  compete.  Further,  the 
multi-photon  conductivity  could  be  exploited  to  design  an 
opto-electronic  multi-channel  detector  consisting  of  a  layered 
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semiconductor  for  the  measurement  of  picosecond  pulse  width. 

Future  experiments  with  thinner  crystals  (  epitaxial  layers  ) 
are  suggested  to  extend  the  quadratic  dependence  of  photo¬ 
conductivity  to  higher  intensity  regions  in  the  case  of  GaAs 
and  to  improve  the  resolution  in  the  picosecond  pulse  wia^h 
measurement.  Better  quantitative  estimates  could  be  got  if 
one  uses  single  picosecond  pulses.  More  careful  experimentation 
with  amplified  single  picosecond  pulses  will  reveal  the  difference 

in  the  multi-photon  absorption  in  CdS  and  CdS^-Se,.  due  to  the 

•  5  .5 

anisotropy  of  the  valence  bands  in  these  crystals. 


APPENDIX  1 


1 1C 


Derivation  of  Two-photon  absorption  coefficient: 

The  Hamiltonian  X  for  an  electromagnetic  field  interacting 
w^.th  the  valence  electrons  in  a  semiconductor  is  given  by 

M  =  —  (  P  +  ej?)Z  +  VLr> 


where 


m  =  electron  rest  mass 

=  electron  momentum  operator 
e  =  electronic  charge 
A  ^  vector  potential  of  e.m. field 
V(r)^  potential  energy 


X  = 


V(r)  +  _g_  ^.7  , 

2r"  7*CZ 


_2.  •  •> 

e  A  •  <1 


(D 


Ho 


J 


H 


where  H0  is  the  unperturbed  Hamiltonian  in  the  absence  of  e.n. field 
and  H  is  the  interaction  Hamiltonian  and  can  be  considered  as 
a  perturbation.  The  second  term  in  H'is  of  order  c2  and  can  be 
neglected  compared  to  the  first  term.  Further  the  term  containing 
A. A  can  be  omitted,  for  the  orthogonality  of  the  wavefunctions  causer 
its  contribution  to  appear  only  when  more  than  two  photons  are 
absorbed.  Therefore, 

H' 


m  C 


where  A  =  A  a,  a  is  the  polarisation  vector.  Since  (  hou<E  )  the 
photon  energy  is  less  than  the  forbidden  gap  of  the  semiconductor, 
the  first  order  calculation  gives  no  contribution  and  so  the  transition 
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rate  is  to  be  calculated  from  the  second  order  terms.  The  following 
derivation  of  the  two-photon  transition  rate  was  first  given  by 
N.G. Basov  et  a) . 

Two -photon  transition  rate : 

According  to  the  well  known  Fermi's  Golden  Rule,  the  transition 

robVnility  for  two-photon  absorption  between  an  initial  state  'i' 
mi  a  rina.  state  ' f  cun  be  written  as  follows: 

"It  =  ^  |<‘l  hIC>|2  ---w 


From  second  order  perturbation  theory,  the  matrix  element 


Order 


~  (^c  +  * 


where  |-n>  is  the  virtual  intermediate  state. 

The  totai  transition  probability  W.^can  be  got  by  summing  over  all 
the  Initial  and  final  states.  Thus, 


W 


..  ■  ¥// 
f  i 


d3k  I 


\l 

-  n 


H 


n 


En-(Ec  +  h<J 


1^ 

I  J(  __.a 


where 

-  <f|H'l»> 

Hni  = 

H'  =  is  the  interaction  Hamiltonian. 
)p  l  *  wavenumber  for  initial  states 
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kf  =  wavenumber  for  final  states. 

First  take  the  sum  of  the  states  over  a  unit  cell  of  the  crystal 
and  then  perform  over  all  the  cells  in  the  crystal  of  volur e  V. 

Thus  vie  replace 

i 

«l.  ,af/ d3k,  d^c  f  f  d3k„T  CH>")«„ 

OUfrrCefl  "  ^  ' 

X  630>^*»)63(*r,-kd]  4(ef-e.-a*i0 


•  ¥  if  [5  r^t,  ft<W*vv»- 


Now 


Chf-^c)]  =  ^  dloj  =.  i3CNf-hi)  _V_ 

£2  it/ 

since  V  =  JVa  e  1  Ckf  ' ki)  “  -  (a.irfi(pi 


ii 


») 


Integrating  over  te£  and  putting  k  -  V  1^,  1^,  the  transition  rate  per 
unit  volume  is  given  by 

1 


T 
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y 

l 

SL  =  4!  >  fi?k  [; 

^  Hf-n  Hhi  "1 

1 

v  *  (2  rrj5  J  L 

”  En-(E«: +  ***>) 

Basov  considered  the  initial  valence  band  and  the  final 
conduction  band  as  the  intermediate  states.  The  points  in  the 
valence  and  conduction  bands  away  from  k=0  are  represented  by 
mixed  parity  states  and  the  dipole  matrix  elements  are  non-vanishing. 
Die  higher  conduction  bands  and  the  deeper  valence  bands  are  far 
away  and  consequently  the  square  of  the  energy  denominator  makes 
them  negligible.  Taking  the  transitions  from  to  C  we  get  the 
energy  denominators  as  +  fico.  The  quantity -fio}  is  the  smallest  of  all 

possible  Values  of  denominators.  Thus  these  terms  dominate  over 
the  rest. 

•••  w.-  -VfoJ*k('is&  + 

-  ^  / i>k  ( h“h«'-h‘uh»«)2  *e 


where  i  =  1,2,3  for  three  valence  bands,  Ec-£tr=  Ztu) 
Using  the  Bloch  wave  functions, 


'Y  =  _i_  U,  Jr)  e" 
CA  (p.  TT)3)2-  ck? 

L  *  -1-  Uv  Jr)  e 

(4K 


;  >?•  r 


c*.r 


--  Conduction  electron 


--  Valence  electron 


and  assuming  the  photon  momentum  to  be  small  compared  with  the 
electron  momentum,  we  can  write  the  matrix  elements  as  follows: 
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Hcc  -  ^Uc'2)  6  C  "Sc  -  kcO 

n,  c 


Hu<s  -  ~*$c  (**»'*0  dtkv- k*0 


The  -ve  sign  in  the  last  expression  is  as  a  result  of  negative 


effective  mass 


•••  »<  •  ”  /“’*  £§  ■ 
f  *JS5  >.t  7)„  iA-Eo  »  Ijtli  tf-»> 

l  pnc*  c 

rfCSe-^  ^t*.-^>]A4£ee-e„  -2**) 


e  V 


A  (jir)  (t«j)  ca  L  m/mj  ^  J 


f  d3te  I?*  4  Ctc-Ey  -2*w) 


-  ;  Ee-£„  =  E 


+  *V 

3  2  m* 


We  know 


aff<»5  = 


^  (X  -X0) 

ilEsy  ~ 


where  P(*-o) 
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4>  (6c-£t>  -*2*w) 


C 

ri  Cw-Q 
*l  */«** 


•.  fd3li  kz  i  (Ec-E«- 2*«0  =  JW'  k‘2l!(k-k'J  ^se 

k 


-  /  k' 3  UL  WCJ|'  dlk1 

'  *2 


since  d3fe#  =. 4  Tf  k'  dfc 


»zj  i _ t 


_  A  TT  m*  0<.  k 


■2  m 


/.  Wt-  - 


*  *a(*-o  • 


I 


Ctft'  W«1 
ci»« 

^4“  Air  ii|2  «C  (aww-E,)3'3- 

*fc  -fc,  3 


now,  Intensity  I  =  iVfiu; 


tr  -  velocity 


y  --- -  =  rl.i: _ Al  V  e  *  Jit  A 

s-tt  e'F  c  c 


o<  =  i 


.-.  w,  =  i— !Lel  w*!2  cz*u-e.,)3U  I 


3/z  Ti 


—  (B) 


Taking  into  account  the  spin  degeneracy,  there  will  be  an  extra 
factor  of  2.  how  the  two-photon  absorption  coefficient  k^is 
defined  as 


LZ) 


Zfrcu  •  Wd 


Z  TT  Hr 
£  Cz(t<A))5 


3/  Z 


nr 


where  i  =  1,2,3  for  three  valence  bands. 
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APPENDIX  2 


Calculation  of  Two-photon  Absorption  Coefficient  in  GaAs  :  - 


Ktm  = 


£  cz (i suj)' 


'vn2' 


Taking  into  account  the  transitions  from  the  valence  bands  \3,  ,  \9^ 
and  tf3to  the  conduction  band  'C1  (  the  band  structure  of  GaAs 
is  shown  in  Fig. I  )  ,  the  total  two-photon  absorption  coefficient 


kii)  =  i<;1;  +  ki’  +  Kf 

e  =  4.8  X  10-,°  esu 

€  =  11.8 

c  =  3  X  1010  cm/sec 

ticu  =  t.17  ev 

Eg  =  ev  (  For  v3  to  C  transition  Eg  =  1.74  ev  ) 

m  =  9.11  X  10-2ti  gms 


n*C<,  C  mC 

1 

yn*<9i 

m*  =  0.072 

m 

m*  =  0.68 

m 

Ol 

W^  =  0.085 

m 

*»5S-  °-25 

m 

\t*-h 

f 

uL ' 

=  3 

El 

*t 

(7 3) 
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•  » 

Substituting  all  these  values  in  the  above  expression, 
and  expressing  the  intensity  'I*  in  MW/cm2, 


KW  ,  K,W  +  K?>  +  I <£> 

-  *-575  XI  +  1.22  XI  +  0.89  X  I  Cm'1 

-  3.7  X  I  cm'1 


82  =  3.7  cm/MW 
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APPENDIX  l 


Calculation  of  Two-Photon  Absorption  Coefficient  in  CdS  _• 

- #5  5 


K<»_  2"'Z«e±_  lfr-.ticgl*  I 

“  €  C*  Cfiw.'5  )r|2  c*  *' 


In  the  case  of  CdS^^-Se^,  We  estimated  retaking  into  account 
only  transitions  from  heavy  hole  valence  band  to  the  conduction 
band.  This  is  because  of  the  relatively  unknown  band 
pararaeters  of  the  mixed  crystals  •  Some  of  the  values  we  use 
the  average  CdS  and  CdSe. 
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All  other  values  are  the  same  as  in  appendix  2. 
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APPENDIX  4 

Throe -photon  Absorption  Coefficient: 

The  Hairiltonian  ' H '  for  an  electromagnetic  field  interacting 
with  the  valence  electrons  in  a  semiconductor  is  given  by, 

H  =  H0  +  H*  H "  . (i) 

where  H0  -  —  +  V(r) 

2  m 

H*  -  f'Z 

Tr  C 

H"  » 

2  mC 

According  to  Ferni's  Golden  Rule,  the  total  transition  probability 
for  three-photon  absorption  oetween  a  group  of  initial  states  ' i ' 
ani  a  group  of  final  states  *  f *  can  be  written  as  follows: 


^  y  y-  ti'tn 

whors 

H%„  = 

ms  shown  in  appendix  t,  the  transition  rate  per  unit  volume  is 
given  by 
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In  the  two  band  aporoximntion  ns  before  (  one  conduction  band 
and  one  valence  band  ),  using  Bloch  functions  we  can  write  the 
matrix  elements  as 
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In  these  matrix  elements,  the  photon  momentum  can  be  neglected. 

As  before,  only  the  final  conduction  band  and  the  initial  valence 

band  are  considered  as  intermediate  states.  Then, 
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WC(3  *  H'ca  +  H CC  H 'co 
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(Ec<?“'2^M>Xec0~^u^  (~2fcu>)  C-iruj) 

^  Hctj  H^c  Hcty  Hcc  ^  cij  ^  in? 

C-2  * w)  C  Ec *  w)  (E£tf  “  2t*)  C~  *u) 

The  first  two  second  order  terms  coming  from  the  A. ^  term  cancel 
out  to  zero  and  we  are  left  with  the  four  3rd  order  terms  containing 
the  dipole  matrix  elements.  The  Feynmann  diagrams  corresponding 
to  the  four  third  order  terms  are  as  shown  below. 


The  continuous,  dashed,  wavy  lines  represent  electrons,  holes, 

1  ^  Ph°t0nS  resPectively.  Lines  which  leave  the  vortex  correspond 

T  10  creation  of  a  particle  and  lines  which  enter  the  vortex 
correspond  to  annihilation. 
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Ecv  =  9hoi 

Substituting  the  matrix  element  into  WCy  ,  we  get 
V  =  T1  CZTT)1  /  d*k  6  (£c-E„- 3*U>)  X 
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Taking  the  polarisation  direction  to  be  the  Z-axis 
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We  used  the  relation  Ec  -  E„  -  3*  mj  a.  f-(kr)=  E  ,  +  *_ki  -  3Km 
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and  also  k?  =  k?t  =  (T*  J>) 

Perfonning  the  integration,  we  get 
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itte  intensity  I  is  related  to  the  vector  potential  A  as 
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Taking  into  account  spin  degeneracy  and  the  definition  of  three- 

photon  absorption  coefficient  K^3)  =  3*uj  Wt-/V  we 

I 
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This  agrees  with  the  formula  given  by  A . I. Bobrysheva  and  J.H.Yee. 
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APPENDIX  5 

Calculation  of  K^3)  in  CdS : 


kC3)  =  fi3  iz 

(62) 

Using  the  band  structure  of  CdS  as  shown  in  figure  2$,  we  can 
evaluate  the  three-photon  absorption  coefficient  for  each  of 
the  three  valence  bands  and  find  the  total  absorption  coefficient. 
CdS  is  anisotropic  and  we  could  calculate  K^'^and  K6,-L’r  for  the 
two  directions.  The  momentum  matrix  element  is  given  by 


b£  _  JL  Eo  w 

4  rr?c 

e  =  4.8  x  fO"10  esu 
m  =  9.11  x  10"28  gms 

c  =  3  x  1010  cm/sec 

c  =  8.4 

"feco  =  1 . 17  ev 

The  values  of  the  effective  masses  and  the  forbidden  gap  are 

shown  in  figure  28.  We  get  an  estimate  of  K<3)  as  shown  in 
Table  #2. 

For  a  random  direction,  we  could  take  the  calculated 
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CdS  BAND  STRUCTURE 
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FIGURE  27 


APPENDIX  6 


(24,30,31) 

Calculation  Of  Multi-Photon  Conductivity  In  Semiconductors ; 


Let  us  consider  a  semiconductor  as  shown  in  figure 

When  it  is  illuminated  by  a  laser  beam  of  intensity  Iq,  electrons 

and  holes  are  created  in  t^e  semiconductor.  Some  of  the  free 

carriers  will  recombine  inside  the  crystal  with  the  volume  life 

time 't'  and  some  will  diffuse  to  the  surface  and  recombine  at  the 

surface  with  surface  recombination  velocity  V'. 

s 

Let  us  assume  that  the  photon  energy  is  less  than  the 
forbidden  gap  of  the  semiconducxor.  So  non-equilibrium  charge 
carriers  are  produced  by  multi-photon  absorption.  If  (n-i)teo  is 
less  than  the  fobidden  gap  and  if  rifcu)>E  ,  then  there  will  be 

o 

n-photon  absorption. 


Let  F(x)  be  the  generation  rate  of  carriers  at  a  distance  x 
from  the  surface  of  the  semiconductor.  In  the  case  of  steady 
state  conditions,  the  concentration  of  the  generated  carriers 
can  be  obtained  from  the  following  diffusion  equation 

Db^4  -  ±  =  -Fix) 

p  VXZ  Tr 


Where  p  is  the  concentration  of  non-equilibrium  electron-hole 

pairs  and  D„  is  the  diffusion  constant.  /\  =  (  d  >)~ais  the 
P  '  p  ' 

inverse  diffusion  length.  The  equation  becomes 
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FIGURE  28: 


The  solution  of  this  equation  p(x)  c.an  be  obtained  using  the 
method  of  variation  of  parameters  as  follows* 

This  equation  gives  the  general  solution  as 


£  go  s  A  e 
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Let  the  particular  solution  be 
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Then  ,  i 
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Substituting  in  (1),  we  get 

-A  <e~*x  +  Atu  e^z  =  -  ££ 

3>P  '  *  •  ‘  ‘ 


-C5) 


Solving  (2)  and  (3)  for  u/  and  u£  and  integrating  we  get. 


U.ew  =  eAx'  dx’ 
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The  complete  solution  is  given  by 


PW  =  Ae"'I+Be/lx+ 
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L  o  g  J 


The  Constanta  A  and  B  are  to  be  determined  from  the  boundary 
conditions  at  the  two  surfaces  of  the  crystal.  Recombination 
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occurs  at  each  surface  of  the  crystal  at  a  rate  which  may  be 
represented  by  a  recombination  current  Ig  =*  where  |3  is  the 

density  of  the  carriers  at  the  surface. 


At  the  first  surface, 

I  s Co)  =  %  h 


At  the  rear  surface 
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IS(L)  =  -  V$  P,  |a_  L  - 
where  L  is  the  thickness  of  the  photoconductor. 
From  <4>’  Pg@)  =  A  +  B 

Ps0-)  = 

»  -  A  A  +  A  B 


'bP 

<81 


Xso 


(5)  gives 
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Using  (6)  we  can  get 

(yi-*)he-X'-+C/i+A)btL~  -V3  &,«-)  +  -0,V)tfl(M] - ® 


Solving  (7)  and  (8),  we  get  A  and  B  as 
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Substituting  the  values  of  A  and  B  in  (4)  we  get  after  simplifi¬ 
cation 
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The  conductivity  is  defined  as 

,l_  t^\c 


(753 


AG\  =  J  I  cy  y^n)  dydx  ,  - -  (Oj 

where  q  is  the  electronic  charge  and  |a.  f  »  mobility  of  holes, 
electrons.  The  charge  neutrality  condition  holds  good  for  a 

multi-photon  process. 
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Substituting  for  p(x)  from  (9),  we  get 
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The  two  double  integrals  0  and  y  can  be  simplified  as  follows; 


e  =  jL  e~Axdz  j  dx 
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Now, 


f  e~  dx  \L  eAx‘  F ci1)  a  x 
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=  jL  e-Ai'dx'  /V^FflO  ix 
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The  elements  are  summed  from  x  =  x'  to  x  =  L  and  then  from  x'=  0 
to  x'=L.  We  can  sum  up  alternatively  (  as  is  evident  from 
the  figure  )  from  x'=  0  to  x'=  x  and  then  from  x  =  0  to  x  =  L 
and  the  above  integral  becomes , 

-Ax1 
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=  \LeAx  F&)dx  f*e  Ax dx 

L  Jo 
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=  cia.' 


After  partial  integration,  the  above  integral  becomes 
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Similarly, 


fL  .  i  i 
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Substituting  these  expressions  for  0  and  y  back  in  (12)  and 
after  a  simple  algebraic  simplification,  we  get 


'  "  Ml 
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A  Ci 
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^  J.  _ _ 
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---  oy 


The  generation  rate  of  non-equilibrium  charge  carriers  is  given 
by  (  Eq.(4)  of  chapter  2  ) 

n 

-  -  -  C'4) 


Rat  =  — —  * 


[i  +o-^hr;-'a]"-1 


Substituting  ( !4)  in  (13)  and  performing  the  integration,  we  get 
the  final  expression  for  the  muti-photon  conductivity  dG^as, 
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where  «  =  Hf  i  Oe  +  ft,)  and  J>p  Xi =  _1_  . 
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APPENDIX  7 


Model  to  account  for  AGocia  where 


lj<  a  <  I  ; 


The  model  in  Fig. 2^)  is  for  an  unilluminated  crystal.  'v'  is 
the  rilled  valence  band. and  'c  is  the  empty  conduction  band. 

Nr  is  the  filled  recombination  center  .  nt  correponds  to  the 
t  rapping  center.  pr  Is  the  active  recombination  center.  Note 
that  the  pr  states  are  negligible  or  absent  at  -ero  light  Intensity. 
The  Ht  states  have  an  exponential  distribution  of  energy  such  that 


Me)  =  A  e=cp  (-  I  Ec -Et| /bT-,) 


The  temperature  T(  ,  Is  a  formal  parameter  that  can  be  adjusted 
to  make  the  density  of  states  vary  more  or  less  rapidly  with 
energy  .  Let  T,  *T,  where  T  is  the  ambient  temperature.  Let 

r£c 

Nr  >  J  Nt tE)  d E 
% 


We  also  take  the  capture  cross  section  'Sn'  for  electrons  to  be 
much  less  than  the  capture  cross  section  'Sp*  for  holes  so  that 
the  density  of  the  photo-excited  electrons  Is  much  larger  than 
that  of  photo-excited  holes  (ie)  n»p.  Also  assume  for  simplicity 
the  capture  cross  section  of  the  Nt  states  to  be  the  same  as  those 


for  the  Nr  states. 

Figi<?b  shows  the  conditions  at  some  intermediate  light 

intensity.  is  the  steady  state  Fermi  level  defined  by  the 

electron  density  *n ' . 


Now  exponents  less  than  unity  can  be  accounted  for  by  a 
simple  physical  picture.  As  the  light  intensity  Is  Increased, 
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more  and  more  of  the  Nt  states  are  converted  from  trapping  to 
recombination  states.  This  conversion  takes  place  as  the  steady 
state  fermi  level  sweeps  through  the  states  towards  the 
conduction  band.  As  p  ,  the  density  of  recombination  states  for 
e] ectrono ,  increases,  the  electron  life  time  decreases.  This  is 
what  is  meant  by  an  exponent  less  than  unity. 

To  a  good  approximation,  the  density  of  empty  states  p^  is 
given  by  the  number  of  states  lying  between  the  original  Fermi 
level  Ej.  and  the  steady  state  Fermi  level  E^. 

-  J  Nfe(E)  dE 

Ef 

=  J  f"ft  exp  [-|Ec-Et!/teT,]  A e 

Ef- 

V  NT,  Nt(E?n) 

Now  n  ®  f  V  ,  f  =  photons  absorbed  /  cm^ 

n  =  electron  density  (  steady  state  ) 

Zl  =  —  —  —  =  life  time 

U  Sn 

=  velocity  ,  Sn  =  capture  cross  section 


feT,  A  eocpt-lE^E^I/kT,]  as« 

by  definition 

n  =  Nc  exp  L-|Ec-Efw|/bTD 


in  the  conduction  band 
* 

m  =  electron  effective  mass. 
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n  = 


N  exp  (-l£C-Et"lIL- ) 
c  k  T,  T 


(2) 


Eliminating  the  exponential  term  in  (I)  and  (2),  we  get 

„  T/Ti  -Zl_ 

‘  f  Nc _  1  T+T, 

_  kT,  A  Sn  -I 


n 


The  conductivity  change  AG  is  proportional  to  'n',  and  'f'  is 
proportional  to  I  for  a  single  photon  process.  So  we  get 

Ti 

A  6  06  I  T+T| 

Since  T,>T  ,  the  exponent  -Z_  lies  between  0.5  and  unity. 

1  '  T+T, 

From  this  discussion,  we  see  that  an  exponent  lying  between 

0.5  and  I  requires  a  distribution  states  in  the  forbidden  gap. 

The  odd  exponents  lying  between  0.5  and  unity  has  been  observed  in 

fal) 

the  case  of  GaAs  by  Bube  and  Blino 


142 


REFERENCES 

1.  M.Goppert -Mayer,  Ann.  Physik  (Paris),  9,  ?73(I93l). 

2.  W. Kaiser  and  C.B. Garret,  Phys .  Rev.  Letters,  7,  229(I9bI). 

3.  I.D.Abella,  Phys.  Rev.  Letters,  9,  453(196?). 

4.  K.Hasegawa  and  S.Yoshimura,  J.  Phys.  Soc .  Japan,  20,  460(1965). 

ibid  £I,2b2b(I9ob) . 

5.  R.Braunstein,  Phys.  Rev.,  125,  475(1962). 

b.  R.Braunstein  and  N.Ockmann,  Phys.  Rev.,  134 ,  A499(l9b4). 

7.  N.G. Basov  et  al .  ,  Proc .  of  the  International  Conference  on 

The  Physics  of  Semiconductors,  Phys.  Soc. 
of  Japan,  277(1966). 

6.  N  G. Basov  et  al.,  Sov.  Phys.-JETP,  23,  366(1966). 

9.  S . Wang  and  C.C. Chang,  Appl.  Phys.  Letters,  12,  193(1968). 

10.  V.S .Dneprovskii  et  al.,  Sov.  Phys . -Semiconductors ,  3,  411(1969). 
II  B.V. Zubov  et  al.,  Sov.  Phys.-JETP  Letters,  9,  130(1969) 

12.  B.M.Azkinadze  et  al . ,  Sov.  Phys. -Solid  State,  £,  461(1967). 

13.  N. A. Goryunova  et  al.,  Phys.  Stat.  Solidi(a),  I,  Kl6l(l970). 

14.  A.Cingolani  et  al.,  IL  Nuova  Cimento,  4b,  217(1971). 

15.  S.Rafi  Ahmad  and  D. Walsh,  J.Phys.  D:  Appl. Phys.,  4,1820(1971). 

16.  G.B. Abdullaev  et  al.,  Sov . Phys . -Semiconductors  ,  4,  1189(1970). 

17 •  -  —  —  ,  4,  1187(1970). 

18.  M.S.Brodin  et  al.,  Sov.  Phys. -Solid  State,  I_3,  1328(1971). 

19-  J.M.Ralstron  and  R.K. Chang,  Appl . Phys . Letters  ,  15,  164(1969). 

20.  J.M.Ralstron  and  R.K. Chang,  Opto-Electronics ,  i_,  182(1969). 

21.  L.M.Lisitzyn,  Sov.  Phys.-JETP  Letters,  £,  165(1969). 

22.  B.M.Azkinadze  et  al . ,  Sov . Phys . -Semiconductors  ,  2,  1285(1969). 


143 


23.  V.V.Arsenev  et  al.,  Sov.  Phys . -J5TP,  33,  64(1971) 

24.  G. I.Aseev  et  al.,  Sov.  Phys.-JETP  Letters,  8,  103(1968). 

25.  I. M. Catalano  et  al.,  Phys .  Rev.,  B5,  1629(1972). 

2b.  E.O.Kane,  J.  Phys.  Chem.  Solids,  I,  249(1957). 

27.  Jick  H.Yee,  Phys.  Rev.,  B5,  449(1972). 

28.  A.  I. Bobrysheva  et  al.,  Sov  .Phys  . -Semiconductors  ,  _3*  1347(1970)  • 

29.  Jick  H.Yee,  Appl.  Phys.  Letters,  l4,  231(1969). 

30.  Jick  H.Yee,  Appl.  Phys.  Letters,  l£,  431(1969). 

31.  Jick  H.Yee,  Phys.  Rev.,  186,  778(1969). 

32.  H.P. Weber  find  R.Dandliker,  IEEE  J.Q.E.,  QE-4,  1009(1968). 

33.  J.A.Giordmaine  et  al . ,  Appl.  Phys.  Letters,  II,  216(1967). 

34.  S.L. Shapiro  et  al.,  Phys.  Letters,  28a,  698(1969). 

35.  A. Gold,  in  'Quantum  Optics',  Enrico  Fermi  International  School 

of  Physics,  Course  XLII,  edited  by  R.J. Glauber, 
Academic  Press,  New  York, (1969) . 

36.  J. A. Armstrong,  Appl.  Phys.  Letters,  10,  16(1967). 

37.  R.J. Glauber,  Phys.  Rev.,  130,  2529(1963). 

38.  J.R.Klauder  et  al.,  Appl.  Phys.  Letters,  l_3,  174(1968). 

39.  M.A.Duguay  et  al.,  IEEE  J.Q.E.,  QE-6,  725  (1970). 

40.  D.H. Austen,  IEEE  J.Q.E.,  QE-7,  465(1971). 

41.  A.Yariv,  'Introduction  to  Optical  Electronics  ',  HWR  Inc., 

New  York,  114(1971). 

42.  A . J.DeMaria  et  al.,  Proc .  IEEE,  57,  1(1969). 

43.  A. J.DeMaria,  Progress  in  Optics,  9,  33(1971). 

44.  S.M.Ryvkin,  '  Photoelectric  Effects  in  Semiconductors  ', 

Consultants  Bureau,  New  York, (1964) . 


144 


45.  A. Rose,  1  Concepts  in  Photoconductivity  and  Allied  Problems 
Interscience,  38(I9b3). 

4o.  L.M. Blinov  et  al  ,  Sov.  Phys  .  -Semiconductors  ,  I_,  II?4(I9b7). 

47.  R.H.Bube,  J.  Appl .  Phys.,  31,  315(1960). 

4o.  S.S.Li  and  C. I. Huang,  J.  Appl.  Phys.,  43,  1757(1972). 

49.  R. Cronin  and  R.W.Haisty,  J.  Electrochem.  Soc.,  111,874(1964) . 

50.  A.A.Patrin  et  al.,  Sov.  Phys . -Semiconductors ,  _3,  383  (1969). 

51.  S.M.Sze,  1  Physics  of  Semiconductor  Devices',  Wiley(I9b9). 

52.  F.J. Morin, and  J.P. Malta,  Phys.  Rev.,  94,  1525(1954). 

53.  T. S .Mass  and  T. D. F. Hawkins ,  Infrared  Phys.,  I,  111(1961). 

54.  E.M.Belenov  and  I. A . Poluektov,  Sov . Phys . -JETP,  29,  754(1969). 

55*  T. L. Gvardzhaladze  et  al.,  Sov.  Phys. -JETP  Letters, 13,111(1971) . 
56.  S.L. McCall  and  E.L.Hahn,  Phys.  Rev.  Letters,  18,  908(1967). 

57-  T.L. Gvardzhaladze  et  al.,  Preprint  (1972). 

58.  O.Madelung,  '  Physics  of  III-V  Compounds  ',  Wiley(I964). 

59.  R .Braunstein,  J.  Phys.  Chem.  Solids,  8_,  280(1959). 

60.  R. Braunstein  and  E.O.Kane,  J.  Phys.  Chem.  Solids,  23,1423(1962) . 

61.  V. A. Babenko  et  al.,  Sov.  Phys. -JETP,  34,  12.7,6(1972). 

62.  Brian  Ray,  1  II-VI  Compounds  ',  Pergamon  Press,  54(1969). 

63.  B.M. Azkinadze  and  I.D. Yaroshetskii,  Sov.  Phys. -Semiconductors, 

I,  1413(1968). 

64.  K.H. Nicholas  and  J. Woods,  Brit.  J.  Appl.  phys.,  15,783(1964) . 

65.  J.S.Skarman,  Solid  State  Electronics,  8,  17(1965). 

66.  A.Hordvik,  IEEE  J.  Q.  E.,  QE-6,  199(1970). 

67.  P.M.Rentzepis  et  al.,  Appl.  Phys.  Letters,  17,  122(1970). 

68.  R.C.Eckardt  and  C.H.Lee,  Appl.  Phys.  Letters,  15,  425(1969). 

69.  V.V.Arsene'v  et  al.,  Kvantovaya  Electronica,  7,  82(1972). 


145 


70.  A.M.Danishevskii  et  al.,  Sov.  Phys.-JETP,  29,  781(1969). 

71.  P. Kelley  and  P.Braunlich,  Phys.  Rev.,  B_3,  2090(1971). 

72.  A . L.Dyshko  et  al.,  Sov.  Phys.-JETP,  34,  1235(1972). 

73.  L.V. Keldysh,  Sov.  Phys.-JETP,  18,  253(1964). 

74.  J.D. Jackson,  1  Classical  Electrodynamics  ' ,  John  Wiley  and 

Sons,  Inc.,  4(1962). 

75.  S.Wang,  '  Solid  State  Electronics  ',  McGraw  Hill  Book  Co 

New  York,  (I966) . 


*»*### 


